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Abstract
A b s tra c t
A detailed study of the flow over and behind a flat plate using closely matched experiments 
and numerical simulations is reported. This thesis concentrates on the experimental 
studies. One symmetric and one asymmetric wake were generated and detailed mean and 
turbulence measurements made using hot wire anemometry. So that the simulations could 
maintain suitably high resolution the flows were kept at very low Reynolds numbers - no 
boundary layer exceeding Re© of 800. The small scale of the flows required careful attention
to the effects of probe size. The wakes studied complement previous experiments at higher 
Reynolds number.
Boundary layer tripping is shown to exhibit dependence on the layer upstream of the trip not 
previously demonstrated. Fully developed layers free of trip effects were found to exist for 
Ree of 405. A logarithmic region was still apparent at Ree as low as 250, though residual
trip effects were present in the outer layer.
Near the plate trailing edge the inner layer was significantly affected by the downstream 
wake development, the acceleration leading to non-equilibrium in the inner layer. 
Turbulent kinetic energy balances show the existence of a near-wall region of high loss by 
turbulent transport not previously demonstrated experimentally.
As the boundary layers leave the trailing edge the Reynolds stresses exhibit marked 
increases in magnitude near the centreline. These 'overshoots' are partially caused by 
vortex shedding from the blunt trailing edge; the flow outside this region behaves as an 
apparently quasi-steady free stream, implying, interestingly, a Strouhal number of about
0.16.
An inner wake develops propagating outwards from the edge of the wake centreline. The 
streamwise development of the inner wake is Reynolds number dependent in a manner 
consistent with its growth into the layers of the original boundary layers.
Balances of the turbulent kinetic energy and uv transport equations have been produced at 
several streamwise positions and along the wake centreline. Measurements extend into the 
far wake and comparisons between the experiment and the simulation are also reported.
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1.1 - General introduction
Turbulent fluid motion is governed, for a Newtonian fluid, by the Navier-Stokes equations. 
These equations relate the instantaneous rate of transfer of momentum to the instantaneous 
pressure gradients and viscous shear gradients and, in principle, the evolution of a 
turbulent flow can be exactly calculated from these equations in conjunction with the
continuity equation. However, because of the nature of turbulent motion, in particular the
large number of scales - from the large energy-containing eddies to the small dissipating 
eddies - it is simply not practical to use this exact approach, except in very special cases, 
and it is expected that this will continue to be the case for the foreseeable future, due to 
computational power constraints. Thus, inexact methods in which some aspects of the 
turbulent motion are modelled will remain of major interest in engineering and other fields. 
Historically, of course, this has been the only feasible approach to calculation, using as a 
starting point the time (or ensemble) averages of the Navier-Stokes equations - the 
Reynolds-averaged equations. This time averaging results in more unknowns than equations, 
with the introduction of the Reynolds stresses, and so further model equations are required 
to provide a complete set. The 'simplest' of these model equations is the eddy viscosity model 
in which the Reynolds stresses are taken as being proportional to the mean rates of strain, 
in the same way as the viscous stresses and strains are related. This implies that the 
turbulent motion is similar to the molecular motion, though it is a well known fact that this 
is not so. However, this eddy viscosity concept can be used in some cases, but it is essential 
that the magnitude of the viscosity is allowed to vary with position. This approach is 
generally most successful when the flow changes are not too rapid.
The 'k-e' method for predicting turbulent flows, in its simplest form, supposes, for
dimensional reasons, that the eddy viscosity vT, is given by vT ~ k2/e. Here k, the turbulent 
kinetic energy and e, the rate of dissipation, are calculated from the respective transport 
equations derived from the Navier-Stokes equations, and require further modelling of 
unknowns created by the averaging process. More sophisticated methods involve the 
transport equations for individual Reynolds stresses, but these too require the modelling of 
further unknowns.
Traditionally at least some of these unknowns have been determined by experiment together
with certain arguments about the physical processes. Some terms are essentially
impossible to measure, particularly those involving pressure, such as the pressure strain 
terms, though these can be determined, for some flows, through use of the most
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sophisticated computational techniques. Due to developments in computing power it is now 
possible to calculate some flows exactly (using Direct Numerical Simulation - DNS) or 
nearly so (using Large Eddy Simulation - LES). Nevertheless limitations of computational 
power confine DNS to very low Reynolds number flows and LES to low Reynolds numbers if 
large 'subgrid' effects are to be avoided since the calculation cannot properly represent 
motions smaller than the grid size, and the size of the smallest eddies decreases with 
increasing Reynolds number.
This thesis concerns itself with the matched Large Eddy Simulation and experimental study 
of two-dimensional turbulent wakes developing behind a streamlined body. Few, such 
extensive projects have been attempted in this way and this report will concentrate on the 
experimental half of the project though an overview of the computational simulation will be 
presented and the interaction between the simulation and the experiment, particularly 
during the setting up phase of the project will be discussed. Comparisons of the 
experimental results with those from the simulation will also be made. Various turbulence 
models have also been implemented to calculate the flow for the flow geometry used for the 
experiments. The performance of these models will not be discussed here.
Developing wake flows have not been studied in much detail despite being of major industrial 
importance, e.g. flow behind an airfoil and turbine blade, flaps on plane wings etc., and thus 
the SERC (now EPSRC)/MoD/DTI-funded project "Numerical Simulations and an 
Experimental Study of Near-Wake Flows" was set up in order to:-
a) further understanding of the processes involved in the production of a wake from 
the trailing edge of an aerofoil, and
b) further evaluate the LES code as produced by Potamitis and Voke (1992) and 
being further investigated within the department to extend its suitability for 
simulating more complicated flows.
A matched experimental and simulation project was established since, as stated in the 
original proposal to the research council,
The purpose of the experiment is to validate the simulation, while the simulation 
effectively extends the scope of the experiment, allowing the "measurement" of 
quantities and statistics that cannot practically be obtained in the laboratory.'
The experimental part of the project is divided into two distinct halves. The first of these 
involves the investigation of a symmetric flat plate wake while the second requires 
investigation of an asymmetric wake. Both of these flows will be detailed and discussed in 
this thesis.
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As the two boundary layers, formed on both sides of the flat plate, develop into a wake, 
sudden changes are imposed on the layers as they leave the trailing edge of the plate, namely 
the disappearance of the no-slip (U = 0) and the impermeability (V = 0) conditions. In 
order to avoid unacceptably large subgrid effects in the simulations the experiments were 
confined to a low Reynolds number, based on momentum thickness, of 600 at the trailing 
edge. As will be seen later a further constraint on the measurements is that in order to 
obtain a suitably low Reynolds number wake, the flow speed or the flow size, or both had to 
be small. This meant that special care was needed to set up a flow free of unwanted residual 
effects of the boundary layer trips and to keep probe resolution errors as small as possible. 
These matters are discussed further in later chapters.
Low Reynolds number effects on a flow regime have major implications for the validity of 
scaled down wind tunnel experiments and their subsequent application to 'real' engineering 
problems. These effects also have implications for the successful implementation of 
computational techniques and have been studied by experimenters in various ways as 
outlined below:
a) Flow visualisation to study the effects on flow structures
b) Pitot probe measurements to assess the effects on the mean flow
c) Hot wire anemometry (HWA) techniques to study the effects on mean and 
turbulent velocity parameters
d) Laser Doppler anemometry (LDA) measurements to study the same parameters as 
HWA
e) Computational simulations, performed using a variety of methodologies for the 
study of these effects on all of the above parameters and those incapable of being 
measured in the laboratory.
Thus it can be seen that, in theory, the power of computational simulations lies in their 
ability to 'measure' all the important characteristics of the flow. However, due to 
limitations as expressed in sections 2.1 and 7.1 of this thesis the results produced from 
these methods are far from infallible. Thus it was thought valuable to set up a project that 
would combine the LES technique with one of the most versatile experimental techniques; 
HWA.
In order to set up the low Reynolds number symmetric wake flow it was necessary to obtain 
two identical low Reynolds number boundary layers - one on either side of a wake generator. 
This task, in itself, was a complex one due to the constraints imposed on the experiments by 
the simulations and the physics of the turbulence. Reviews of the available literature, for
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both low Reynolds number turbulent boundary layers and wakes, are included later in this 
chapter.
Originally it was thought that a single aerofoil wake generator could be utilised for both the 
symmetric and asymmetric wake cases with the boundary layers for the latter case being 
controlled by means of suction in order to allow the prescribed ratio(s) between their 
thicknesses on either side of the generator to be achieved. With this in mind calculations, 
using the Viscous-lnviscid Interaction code AEROFOIL (see section 2.4), of the flow around 
various symmetric aerofoil geometries were conducted to establish the flow parameters at 
the trailing edge of each of the proposed wake generators. These were then compared with 
the limiting flow parameters possible for the LES. The details and conclusions of this part of 
the work will be discussed in section 2.4 of this thesis.
The tripping of the boundary layer, necessary to fix the boundary layer reattachment point 
and to counteract the three-dimensionality that accompanies natural transition, was a 
crucial area of design for the symmetric wake and, as it turned out, even more critical for 
the asymmetric case when a fixed boundary layer ratio was required at the trailing edge. 
The final choices for the trips will be discussed further in sections 2.5 and 4.2. The 
investigations into the 'correct1 tripping produced a wealth of boundary layer data and this 
will be discussed in chapter 4 of this thesis.
In order that three axes could be accurately traversed, it was necessary to extend the 
traverse gear in place at the start of the project. Details of the modified traverse are 
included in chapter 2 along with the design and manufacturing details for the experimental 
rig.
Measurements in both the boundary layers and the wakes were made utilising Pitot probes, 
Preston tubes and HWA techniques. Overviews of these techniques are included in chapter 3 
and experimental results for the boundary layers - for the setting up of both the symmetric 
and asymmetric wakes - are presented and discussed in chapter 4.
Chapter 5 concentrates on the experimental results for the symmetric wake and chapter 6 
for the asymmetric wake. Comparison to previous experimental data is attempted where 
possible.
The experiments are compared to the results from the LES in chapter 7 and, in chapter 8, 
conclusions based on the work covered in the thesis will be presented and potential work to 
be conducted for the further study of the flows is also briefly discussed.
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1.2 - The turbulent boundary layer
A boundary layer is the region of flow that exists near a solid surface and is caused by the 
condition that, at the wall, the streamwise velocity, U, must be equal to zero (the no-slip 
condition). As a result of this a velocity gradient must exist between the wall and the region 
of external flow known as the free stream. For laminar boundary layers over flat plates in 
zero pressure gradient the velocity profiles can be collapsed onto a single curve when the 
correct scaling is applied. This is the well-known Blasius profile. However, once a 
boundary layer has undergone transition to turbulence the scaling becomes more complicated 
since both viscosity and turbulence are important in different parts of the layer. 
Correspondingly, various regions have been identified in the turbulent boundary layer, each 
being governed by a different scaling 'law'. These regions are summarised in the diagram 
below.
y = 0.2 delta
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log. law
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logarithmic 
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The mean momentum and continuity equations for incompressible two-dimensional flows can 
be written as:-
3u 3u 3u 1 3p
—  + u —  + v —  = --- - + v
3t 3x 3y p dx
32u 32u+
dx2 dy2
3v 3v 3v 1 3p—  + u —  + v —  = --- — + v
3t 3x 3y p dy
32V [ 32V 
dx2 dy2
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d x  d y
For steady flow the time dependent derivative on the left hand side of the equations is equal to 
zero.
For some flows, including boundary layers, certain approximations can be made to reduce 
the number of terms in the above equations to a more manageable level. These 'thin shear 
layer approximations' can be applied when the development length of the flow, L, is much 
greater than the shear layer thickness, 8. By considering the magnitude of each of the terms 
in the mean momentum equations it can be shown that:-
1. The d2/dx2 terms are negligible compared to the d2/dyz terms.
2. The pressure term dp/dy is negligible when compared to the term dp/dx, which thus may 
be written as dp/dx.
3. 5/L is of the same order of magnitude as Re_1/2 and thus a necessary but not sufficient 
condition for the application of the thin shear layer approximations is that the Reynolds 
number must be large.
So, when L »  8 the above system of equations for steady, incompressible, two-dimensional 
boundary layers may be written as:-
tt 3u 3u 1 dp 32u
U  h V  — ------ 1- V---
d x  d y p dx 3y2
. 3u dV and —  + —  = 0 
d x  d y
By adding the turbulent component to the mean velocities shown above and time averaging,
the Reynolds-averaged boundary layer equations can be derived as,
3u 3u 1 dp 32u 3uv
u —  + v —  = ---   + v--------
dx  d y p dx d y2 d y
. dU dV nand —  + —  = o
3x d y
As depicted in the diagram above, the turbulent boundary layer can be sub-divided into a 
number of smaller layers. Through the use of dimensional arguments 'laws' that govern each 
of the zones, or sublayers, can be identified as explained below.
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The viscous sublayer
The two-dimensional x-component momentum equation for a zero pressure gradient 
boundary layer can be written as,
d x  d y p d y
where x is the total shear stress
Now, at the wall, U = V = 0 so we can write,
= odx
d y
Introducing continuity, the momentum equation can be written as,
-u — + v —  -
d y  d y p d y  
Differentiating this with respect to y gives,
d2V  32U _ 1 d2x
U 3y2 + V 3y2 “  p d y 2
and since U = V = 0 at the wall then also,
d 2X
dy2
= 0
Therefore for a small region near the wall x = xw 
For a turbulent boundary layer,
dU —
X = p  puv
dy
In the viscous sublayer, p3U/3y »  puv so in this region,
dU
X  =  p -----
d y
Defining a friction velocity, Ux as, 
we can say from the above working that,
2 dUUX2 = V --
d y
and so,
UX d y  _  dU 
V UX
Integrating this gives
UX y U
   = —  + C
V UX
where constant C = 0 due to the no-slip condition. 
Thus for the viscous sublayer it can be said that,
U _ UX y 
UX V
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This expression is known as the viscous sublayer law and is valid in the approximate range, 
0 < y+ < 10.
The looarithmic layer
The governing law for this region can be derived in a number of ways though only one will be 
considered here. See Millikan (1938), van Driest (1956) and Rotta (1962) for further 
details on other methods.
In this region the turbulent stress is much larger than the viscous stress and so it can be 
written that,
't/p = -u v  = Ux2
Assuming the turbulent stresses are, as for the viscous stresses, proportional to the shear 
9U/9y (Boussinesq (1877)) then,
- uv = v j 9U/3y
where vT is called the eddy viscosity 
From measurements it has been shown that, in the region of the wall,
vT= k Ux y
where k is von Karman's constant
Thus it can be written that,
Integrating gives,
- uv = k Ux y 9U/3y and 
Ux = k y 3U/3y
u 1 n
—  = —  In y+ C '
UX K
where C' is a constant of integration. 
By assuming a region of overlap with the viscous sublayer law it can be written that,
U 1 v U[
—  = —  In-  + C
UX K V
This is known as the logarithmic law and is valid in the approximate range, y+ = 30 to y/8 = 
0 .2 .
Coles (1956) extensively reviewed the available mean flow data for high Reynolds number 
turbulent boundary layers and proposed that the velocity profile outside the viscous 
sublayer could be represented by a linear combination of two universal functions - the law 
of the wall (as proposed by Nikuradse (1930) and others) and the so called 'law of the wake' 
- such that:-
—  = - l n
UX K
^yUx"
+ C +
n ( \ y— fI v  J K U J
where n  is a profile parameter for the outer layer.
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From his review of the available measurements, Coles attributed values of 0.40 and 5.1 to 
the constants k  and C respectively. In order to obtain this expression for the outer layer, 
Coles interpreted the turbulent boundary layer as a wake-like flow-field constrained by a 
wall, owing to similarities between outer layer boundary layer profiles and the prior wake 
measurements of Liepmann and Laufer (1947).
Coles (1962) later extended this survey to include low Reynolds number data, i.e. boundary 
layers with Ree < 6000, for the simplest case of a turbulent boundary layer - the two-
dimensional flow over a smooth flat plate in a zero pressure gradient. The purpose of this 
work was to analyse how the structure of the boundary layer was affected by the Reynolds 
number, and layers of Ree as low as 500 were studied. In particular the following
controversial questions were addressed:-
a) How is the law of the wake affected by the Reynolds number ?
b) Is a logarithmic region an inherent part of the structure of all turbulent boundary 
layers ?
c) If so, do the 'constants' k  and C in the law of the wall vary with Reynolds number 
and how ?
In order to assess the various sets of data, independent of the experimental techniques used, 
Ux was determined for each data set by assuming the existence of a log. law region and so 
fitting the data to give Ux. Values of 0.41 and 5.0 were assigned to the constants k  and C 
respectively, for this process. This change in proposed 'constants' was found to achieve the 
most consistent results between compressible flow data and the low speed data under review. 
This change implies an increase in the skin friction coefficient Cf, of about 4%. By using 
momentum balances Coles confirmed the inferred values of skin friction and concluded that 
the logarithmic law, with the assigned constants, did indeed exist at low Reynolds numbers.
Coles found, upon analysis of flows believed to well-represent the constant pressure 
turbulent boundary layer, that the wake defect AU/Ux, the maximum difference between the 
measured U/Ux profile and that evaluated using the logarithmic law in the outer layer, 
decreased for values of Ree less than 6000. As shown on the plot below Coles suggested that 
the value of AU/Ux increased from zero at Ree of approximately 500 to an asymptotic value 
of 2.68 for Ree greater than 6000 (equivalent to a rise in the profile parameter n from 
zero to 0.55).
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Simpson (1970) attempted to extend Coles' (1956) analysis to boundary layers with Ree as 
low as 650. By using Pitot measurements to determine the velocity profiles it was 
concluded, in sharp contrast to Coles' (1962) analysis, that both k  and C were functions of 
the Reynolds number for Ree < 6000 and that the profile parameter n remained constant.
The proposed functions were:-
C(Re0) = Re01/8 [7.90 - 0.737 In (Re0)]
£2(Re0) = 0.40 (Ree/6000)-1/8
for 6000 > Re0 > 1000 
where Q(Re0) replaces k  in the law of the wall equation.
Huffman and Bradshaw (1972) looked at the contradiction between the conclusions of 
Simpson and Coles. It was suggested that by looking at a flow where Reynolds number effects 
should be greater than for turbulent boundary layers any possible Reynolds number effects 
on the constants k  and C would be clearly apparent. Two-dimensional turbulent wall jets, 
pipe and channel flows, as well as boundary layers, were studied and it was concluded that no 
consistent trend in k  with varying Reynolds number could be found and the constant value of 
0.41 was correct, as suggested by Coles. However, it was found that C varied for flows 
likely to experience stronger Re0 effects than turbulent boundary layers. It was thus
concluded that C was "virtually constant in boundary layers except perhaps at the very 
lowest Reynolds numbers, where the flow may not be turbulent anyway" and that "the 
primary effect of external influences on the inner layer is a change in ... C rather than a 
change in k ."  It was also suggested that the decrease in the wake parameter n, at low 
Reynolds numbers, was an effect of the 'viscous superlayer' at the turbulent/non-turbulent
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interface. This was thought to explain the apparently constant value of n that occurs for 
pipe and duct flows where the superlayer does not exist.
De Brederode and Bradshaw (1974) re-evaluated Coles' conclusions in the light of further 
data obtained by various workers at Imperial College. The basis of this work was the 
assumption that Patel's (1965) calibration for the Preston tube, as confirmed by many 
authors, was to be trusted more than Coles' proposed constants which were chosen to force 
agreement with supersonic data. Analysis of the data confirmed their original hypothesis and 
suggested that C should be fixed at 5.2 rather than 5.0. The Preston tube skin friction 
results were consistently 2% lower than those obtained from a Clauser chart (see section
3.2 of this thesis) which is consistent with the proposed modifications described above. Data 
at y+ < 100 were excluded from the analysis on the basis of wall proximity and high 
turbulence intensity effects on the Pitot probes.
Murlis, in his thesis (1975) and Murlis, Tsai and Bradshaw (1982) presented mean and 
fluctuating statistics of up to third order in the streamwise and normal, to the surface of the 
plate, directions for boundary layers with Ree between 800 and 4800. All the turbulence
quantities measured were outside the logarithmic region but the mean flow measurements 
show agreement with Coles', not Simpson's, view of the law of the wall. The objective of the 
work was to produce an extensive set of low Reynolds number turbulence measurements and 
to study the viscous superlayer using conditional sampling techniques to see if this region of 
the flow was mainly responsible for the low Reynolds number effect on the value of n, as 
suggested by Huffman and Bradshaw (1972). Stanton tubes, used because they can be totally 
immersed in the viscous sublayer and thus should be immune to Reynolds number effects, 
were calibrated against Preston tubes in a high speed flow and the corresponding agreement 
was very good, (< 2 % difference) even at the lowest Reynolds numbers. This provides 
strong evidence of the existence of the logarithmic law down to at least Ree = 800.
Discrepancies between their data and that of Wieghardt (1944), as analysed by Coles and 
Hirst (1969), were noted and it was concluded, that k  and C should assume the values 0.41 
and 5.2 respectively, as also concluded by de Brederode and Bradshaw. The mean profiles 
showed the expected rise in n to an asymptotic value at an approximate Ree of 5000 but it
was suggested that the value reached is a little lower than that implied by Coles and Hirst. It 
was shown, from the conditional sampling measurements, that the ratio of the length scale of 
the turbulent/irrotational flow interface to the boundary layer thickness becomes 
independent of Reynolds number above Ree = 5000 and thus it was concluded, as proposed by
Huffman and Bradshaw, that the viscous superlayer is the main source of Reynolds number 
effects.
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Head and Bandyopadhyay (1981) made Pitot probe and hot wire measurements in a low speed 
smoke tunnel as part of a project to investigate the boundary layer structure at low Reynolds 
numbers using flow visualisation techniques. From the Pitot measurements slight 
differences from the standard log. law were apparent but these were attributed to the very 
low dynamic pressures measured, (Ue = 0.8 ms-1 for their lowest Reynolds number 
traverses). A picture was presented, as previously hypothesised by Theodorson (1952), of 
the layer consisting of many vortex loops or hairpins, originating near the wall and 
extending all the way through the boundary layer at an angle of 40-50° to the wall. At low 
Reynolds numbers these vortices were less elongated and consisted mainly of isolated vortex 
loops.
Purtell, Klebanoff and Buckley (1981) presented streamwise mean and turbulent velocity 
measurements acquired using hot wire anemometry, for a range of Reynolds numbers 
between 460 and 5200. It was concluded that the von Karman constant, k , did remain 
constant as suggested by Coles and that Simpson's proposed variation of k  with Ree implied
values of wall shear stress at odds with the measured values. It was also stated that the 
logarithmic region did not disappear with decreasing Reynolds number and that the region 
occupied a nearly constant fraction of the boundary layer, independent of the Reynolds 
number. The wake parameter was found to vary with Reynolds number in a manner similar 
to that described by Coles but n did not diminish as rapidly with decreasing Reynolds 
number. The streamwise turbulence intensity data showed that the turbulent stresses are 
affected, by the change in Ree, deeper into the boundary layer than the mean velocity.
Following the peak in intensity (at approximately y+ of 15) the decay of turbulent 
intensity, with increasing distance from the plate, was shown to be Ree dependent up to the
outer edge of the boundary layer. It was proposed that the observed decrease in turbulence 
with decreasing Reynolds number was due to the suppression of the small scales of 
turbulence. Upon examination of the outer layer no disappearance of the region at a finite 
Reynolds number was noted, in contrast to the proposals of Coles and others.
Smits, Matheson and Joubert (1983) made Pitot probe measurements in a zero pressure 
gradient and two positive pressure gradient boundary layers over a flat plate for Ree < 
3000. Only the zero pressure gradient case is considered here - the lowest test Ree for this 
case being 350. Pin type stimulators were used for promoting turbulence and sharp, 
elliptical and circular leading edge shapes were investigated for their effects on the flow 
structure. It was concluded that a logarithmic region was established shortly after 
transition to turbulence and continued to exist down to Ree of 350 for the zero pressure
gradient case. It was also stated that the measured values of shape and Clauser parameters 
were a little higher, and the value of Cf a little lower, than for the analysis of Coles (1962). 
It was found that the boundary layer profiles were independent of the leading edge profile in
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terms of shortly downstream values of AU/Ux and H, although transition was completed 
earlier in the case of increased bluntness of the leading edge.
Erm and Joubert (1991) presented the most complete set of data for low Reynolds number 
turbulent boundary layers. Mean and fluctuating quantities - of up to fourth order, in the 
streamwise and lateral (y) directions, were presented - as well as spectra in all three 
directions. Pitot probe and HWA measurements were made between the Reynolds numbers of 
700 and 2900 and it was found that the extent of the logarithmic region clearly diminished 
with Ree in contradiction to the conclusions of Purtell et al.
Erm and Joubert also investigated the effects on the flow structure of three types of 
turbulence stimulators in order to assess how the type of tripping device affected the 
development of the shear layer. This part of the paper will be discussed further in section 
2.5.
A summary table of the experimental set-ups, flow parameters and measurements taken for 
the above papers is presented in appendix A3 of this thesis.
Gad-el-Hak and Bandyopadhyay (1994), in their extensive review, examined Reynolds 
number effects in wall-bounded shear flows by studying many different data sets. When 
examining the outer layer of the standard flat plate turbulent boundary layer it was 
concluded that n did not asymptote to a constant value of 0.55 at Ree of 6000. By examining
data from very high Reynolds number experiments the authors concluded that n  began to 
slowly decrease with Reynolds number after Ree of 15000. It was also stated that the upper
extent of the logarithmic region is a constant fraction of the boundary layer thickness, 
approximately 0.2 5, though this will obviously vary when expressed in wall units.
When considering the validity of the standard logarithmic law it was concluded that it was 
possibly erroneous at low Reynolds numbers though no absolute conclusions were reached.
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^ 1 .3  - The developing turbulent wake
A wake is an example of a free shear layer and is formed behind a solid body being dragged 
through a fluid at rest or behind a body placed at rest in a moving stream of fluid. The 
velocities in the wake are lower than those in the free stream and this velocity difference, or 
defect, amounts to a loss of momentum due to the drag of the body. As the distance 
downstream of the body is increased the wake defect, as defined by,
W = (1 - U/Ue)
decreases until, eventually, a uniform velocity throughout the flow is again achieved. The 
wake can also be described as the whole region of non-zero vorticity downstream of a body, 
where the flow is said to be rotational. Since the development length of a wake is much 
larger than its width the boundary layer approximations, following the wake's initial 
development, should be valid .
As boundary layers flow over the trailing edge of a body the constraint on the normal 
velocities V and v 2 is removed, as is the no-slip condition. The lower governing condition 
for the velocity changes from U = 0 at the wall for the boundary layer to 3U/3y = 0 on the 
wake centreline, for a symmetric wake. Far from the trailing edge the wake is known as the 
'far wake' and for plane flow, where the mean flow is identical in parallel planes, Townsend 
(1976) shows, by dimensional analysis and the assumption that all properly non- 
dimensionalised properties are functions of y'/b only; where y' is the distance from the 
centreline and b is the wake half width, defined later, that the wake velocity defect on the 
centreline, Wo, is proportional to x'-1/2 and b is proportional to x'1/2, where x' is the 
distance downstream from the obstacle's trailing edge. This self-preservation hypothesis 
will be denoted as Townsend's far wake analysis for the remainder of this thesis.
Since this argument is clearly not applicable to the boundary layers growing on either side 
of the obstacle then a development region must exist between the trailing edge and the region 
where the above hypothesis becomes valid. This region is known as the developing wake and 
has been the source of much interest, particularly in recent years, owing to its importance 
in determining the overall behaviour of flow over a wing or blade.
Measurements in the developing wake of a flat plate have been reported by Chevray and 
Kovasznay (1969), Pot (1979), Andreopoulos and Bradshaw (1980), Ramaprian, Patel 
and Sastry (1982), Haji-Haidari and Smith (1988), Nakayama and Liu (1990) and 
Hayakawa and lida (1992). These studies have attempted to detail the growth of the wake 
behind the limiting case for an aerofoil - the symmetric flat plate. Each of the first four 
experiments extended the one before, either by measuring the flow further downstream of 
the trailing edge of the wake generator or by using different experimental techniques to shed
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further light on the underlying physics of the flow. The two most recent studies attempted to 
resolve differences in the results of the previous experiments. Details of all of these 
experiments, including the salient flow parameters, wake generator dimensions, and the 
measurements undertaken are included in appendix A4.
Analytic and numerical studies of the developing wake flow have also been attempted and will 
be briefly discussed later in this review. These include those by Bradshaw (1970), Alber 
(1980), Patel and Scheuerer (1982), Tzuoo, Ferziger and Kline (1986), Patel and Chen 
(1987) and Bogucz and Walker (1988).
Experimental studies
The first detailed measurements in the developing wake behind a flat plate were made by 
Chevray and Kovasznay (1969) at a trailing edge Reynolds number, based on the momentum 
thickness of one of the upstream boundary layers, of about 1600. These measurements were 
made using a single hot wire which was rotated through several angles to allow 
measurements of the mean velocity and the Reynolds stresses, u2 and v 2 , as well as the 
Reynolds shear stress, uv.
It was found that, beyond the trailing edge, the inner layers of the initial boundary layers 
were the first to develop away from their previous, wall-constrained state, and it was only 
beyond x/0o of about 30 (where 0O is the momentum thickness at the trailing edge of the 
plate) that the flow exhibited a 'wake-like' structure (see Townsend (1976)). It was also 
noted that, up to this region, the wake widened only very gradually. The wake momentum 
thickness, 0, was found to be approximately constant with increasing downstream distance 
while the displacement thickness, 8* and thus H, decreased from the trailing edge.
The maxima for the turbulent quantities occurred, in the y-plane, approximately at the 
point of maximum shear and this point diverged in the lateral direction as the streamwise 
distance was increased. No quasi-periodic motion was observed in the wake, as is often 
associated with bluffer bodies, though the first measurement point in the wake was 
relatively far downstream at x'+ of 626.
Pot (1979) produced a detailed set of measurements in a two-dimensional wake at Ree of 
2900. The merging of this wake with a boundary layer was also studied to analyse the 
interaction occurring in flows over multi-element aerofoils and through turbine blade 
arrays, though this part of the experiment will not be considered here. Pitot probes were 
used to measure the mean velocities and cross wire (X-wire) anemometry was used to 
measure the components of fluctuating velocity. No analysis was presented for these results 
but they incorporated measurements much further downstream than those of Chevray and
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Kovasznay, as indicated in appendix A4, and will be used extensively for comparison later in 
this thesis.
Andreopoulos (1978) and Andreopoulos and Bradshaw (A + B) (1980) attempted to analyse the 
structure of the developing wake, with Ree of 13600, using conditional sampling techniques
as well as conventional X-wire measurements for turbulence statistics of up to third order 
moments. An asymmetric wake, formed from one smooth and one rough wall boundary layer, 
as well as the symmetric case, was studied showing, qualitatively, the same form of 
interaction. It was observed that the mean centreline velocity in the near-wake region of 
the symmetric wake was governed by the relationship,
UC|/Ux = 4.65 log10(Ux x'/v) + 0.7
where Ux is determined near the plate trailing edge.
The integral parameters varied in a similar manner to those produced by Chevray and 
Kovasznay though some disagreements were apparent, possibly due to the appreciable 
difference in Ree between the two experiments. A 'dip' seen in the turbulent fluctuation
profiles near the centreline of the wake was suggested as being attributable to the slightly 
negative turbulent production in this region, i.e. -uv  3U/3y = 0 and ( v 2- u2) 3U/3x < 0 
here.
In order to assess the mixing of the two shear layers, one side of the flow was heated and a 
cold wire was used to measure the resulting instantaneous temperature profile in the wake. 
The fluid was labelled 'hot', 'warm' or 'cold' depending on the mixing of the fluid as depicted 
by the schematic below :-
‘Hot1
'Warm
The region of 'warm' fluid denoted above arises from the "fine-grained", i.e. small-scale, 
mixing and diffusion. It was suggested, as previously, that just behind the trailing edge,
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only the inner layers of the original upstream boundary layers are affected by the removal 
of the wall. For this newly formed inner wake, the conditionally averaged 'mixed-fluid1 
triple products implied an outward spread of turbulent energy and shear stress from the 
central region of the flow whereas the 'unmixed' hot and cold averages in the inner wake 
exhibited a transport of turbulent energy toward the centreline in order to balance the 
reduced turbulence production caused by the removal of the wall constraint, (9U/3y is zero 
on the centreline). However, in the outer layers, the 'mixed-fluid' triple products showed 
an outward transport of turbulent energy and shear stress, as seen in the outer region of a 
boundary layer.
Ramaprian, Patel and Sastry (1981, 1982) extended the measurements of Chevray and 
Kovasznay further downstream, though at a higher Reynolds number of 5200. It was noted 
that, when their results were compared to those of Andreopoulos and Bradshaw, and Pot; the 
variations of 1/Wo2 and b2 as functions of x70O( differed for each of the sets of 
measurements, though no reason for this was suggested. 0O was utilised as a scale due to its 
being proportional to the drag of the wake generator and an obvious length scale for the 
upstream boundary layers. It was assumed that, by conducting measurements downstream to 
x'/0o of 80, both the near and far wake regions could be studied. However, from the growth 
rates of Wo and b, it seemed, from analysis of Pot's data, that the asymptotic region was not 
reached until about x'/0o of 350. Sixteen measurement stations, downstream of the trailing 
edge, were used to document the flow and the trends for the integral parameters: 0, 8* and H, 
were as described for the experiment of Chevray and Kovasznay. A logarithmic growth of the 
centreline velocity was again suggested but the slope and intercept differed to those from 
other experiments.
From the foregoing it was concluded that three regions of wake development exist and can be 
characterised as follows :-
a) Near wake
This region extends from the trailing edge to x'/0o = 25 and sees the development of an inner 
wake as depicted by Andreopoulos and Bradshaw's mixing diagram above, as the inner layers 
of the upstream boundary layers adjust to the step change caused by the removal of the wall 
constraint. Rapid growth of the wake half-width, b, and wake centreline velocity defect, Wo, 
compared to the far wake growth rates described below, is experienced and the flow is 
strongly influenced by the trailing edge geometry.
b) Intermediate wake
This region extends from 25 < x'/0o < 350 and is the region where the outer layers adjust 
from those typical of boundary layers to those associated with the far wake. In this zone
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approximate local similarity of mean and turbulent velocity profiles is exhibited and the 
growth of b and Wo is slower than for either of the other two regions, 
c) Far wake
The far wake starts at x'/0o ~ 350 and the flow in this region conforms to the self­
preserving analysis of Townsend (1976). The turbulence structure in this region is 
independent of the initial flow conditions.
At x'/e0 of 25, Ramaprian et al. found u2 to be much higher than v 2 , as in a boundary layer, 
though near the centreline of the far wake Townsend (1976) shows the streamwise and 
normal turbulent stresses to be equal to within ten percent. This was thought of as showing 
that the far wake had not been reached by x70o = 25 as had been suggested by Chevray and 
Kovasznay. Further downstream it was found that the Reynolds stresses for all but one of the 
available data sets exhibited local similarity, i.e. when normalised by local length and 
velocity scales the stresses collapsed onto one curve, except in the outer parts of the wake 
where intermittency effects were thought to be influential. Andreopoulos and Bradshaw's 
data set did not show this similarity and Ramaprian et al. attributed this discrepancy to 
experimental error. Near the trailing edge marked 'overshoots' in v 2 and uv were apparent 
and these were thought to be associated with vortex shedding from the trailing edge of the 
plate. These overshoots are also apparent in Pot's data.
Haji-Haidari and Smith (H-H + S) (1988) performed hot film anemometry measurements and 
hydrogen bubble flow visualisation, in the turbulent near wake of a tapered thick flat plate 
in a water channel with Ree of 2500. The experiment was designed to give a boundary layer
to plate thickness ratio of 0.5 and a Reynolds number, based on plate length, of 8.5x105 - 
comparable to that for flow over a turbine blade. Hot film boundary layer traverses were 
conducted upstream of the trailing edge on both sides of the plate and it was found that a mild 
adverse pressure gradient, due to the trailing edge taper, existed. This gave a value of the 
shape factor, H, equal to 1.60 , which is higher than the approximate value of 1.40 
exhibited by a typical low Reynolds number zero pressure gradient turbulent boundary 
layer. It is stated that the profiles show the boundary layers to be "reasonably symmetric" 
but the presented plots show differences of up to 4 %, in U/Ux, near the centre of the outer 
region.
Streamwise mean and turbulent velocities at six measurement stations downstream of the 
trailing edge were presented extending back as far as 73 0O into the wake. From the mean 
velocity profiles it can be seen that, as shown by other researchers, an inner wake grows 
outwards from the centreline with little modification to the outer layers occurring until this 
inner wake encroaches upon the logarithmic regions of the remnants of the original 
boundary layers. From the plot of growth of wake centreline velocity it can be seen that
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logarithmic growth of UC| occurs from about x'+ = 300. This log. region had previously 
been observed by other experimenters and, from H-H + S's data, the region appears to 
extend beyond x'+ of 1x105. Prior to this region, a linear growth of UC| occurs up to x,+ = 
100, followed by a 'buffer' region extending up to the start of the logarithmic region. 
However, as noticed by Ramaprian et al. the logarithmic region, for each of the prior 
experiments, exhibits a different slope and intercept. In the case of Haji-Haidari and 
Smith's experiment it was thought that the low value of Ux, due to the adverse pressure 
gradient, affected the line's slope.
Extensive hydrogen bubble wire flow visualisation studies were also conducted, both in the 
plan and side-view orientations. The plan-view studies confirmed the existence of low speed 
streaks in the near-wall region of the boundary layer which extended in the streamwise 
direction and migrated back and forth in the spanwise direction. From the flow visualisation 
pictures it appears that these streaks exist in the near wake, at least up to x'+ of 130, 
suggesting that the near-wall region is not immediately affected by the removal of the wall. 
Though it is stated in the paper that the spanwise streak spacing is irregular the plan-view 
photograph presented seems to show otherwise. Because of this suggested irregular spacing 
a statistical method of analysis, to give the mean streak spacing, X, is used. This gives X+ = 
100 ± 15 in the boundary layer and the very similar X+ = 100 ± 20 in the near wake. 
Histograms of the streak spacing in the wake indicate a broadening of the streak distribution 
with increasing streamwise and cross-stream distance. As downstream distance from the 
trailing edge is increased the observed structures become less coherent, and exhibit less of a 
directional preference.
From the side-view bubble wire visualisations three distinct regions of flow development 
were identified.
a) 0 < x'+ <15 Here, a recirculation region (bubble of stagnant flow) exists, the
extent of which varies in a quasi-cyclic manner. The extent of this 
region is presumably governed by the size of the wake generator's 
trailing edge. Vortex shedding occurs but is quickly suppressed by the 
larger streamwise vortices.
b) 15 < x'+ < 270 Here, a region of strong inward flow with small-scale mixing exists.
c) 270 < x'+ Mixing between larger eddies of similar size occurs in this region.
Beyond this point, the boundary between the mixed and unmixed fluid 
becomes unclear.
Throughout Haji-Haidari and Smith's paper the streamwise distance in the wake is always 
scaled on v/Ux though no reason for this is given. Intuitively I would expect the wake to 
scale on these wall variables only up to the point where mixing between the outer layers of
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the original boundary layers (which scale on y/8 and Ue rather than y+ and Ux) occurs, i.e. 
the beginning of Ramaprian et al.'s intermediate wake. Further downstream of this point the 
distance may be expected to scale on G0 as used by most other experimenters.
The schematic below depicts the dominant mixing processes observed at the trailing edge of 
the plate, though the mode of interaction is far from steady in nature. An inrush of fluid 
towards the centreline is shown immediately behind the trailing edge and it appears that the 
fronts of inward moving fluid develop regions of strong streamwise vorticity which are then 
further stretched in the streamwise direction. The solid lines indicate the appearance of the 
hydrogen bubble lines, the dashed lines indicate the fronts of regions of inflow and the thick 
bold lines represent the boundaries between the mixed and unmixed fluid.
bubble line
trace of very low 
speed fluids
plate
front of inward 
disturbance which 
rolls in to a 
vortex
usual sense of 
rotationbubble wire
of inward fluid
The interaction between the boundary layers was shown to occur exclusively in the inner 
wake. Occasionally it was observed that the mixed-unmixed interface crossed the wake 
centreline, as suggested by Andreopoulos and Bradshaw, but not as often as the 14 % of the 
time stated by A + B, though this may be due to substantial differences between the Reynolds 
number and the trailing edge geometries used in the respective experiments. From the flow 
visualisation studies it was concluded that in the region x,+ > 270 the flow structures 
undergo the following changes with increasing distance downstream
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a) The structures change orientation to become more homogeneous, probably due to 
the relaxation of the streamwise velocity gradient 9U/5x.
b) Vortex interaction increases up to x,+ of 1500 and beyond this point flow activity 
decreases.
c) The structures increase in both length and time scales.
So, when the wall constraint is removed a three layer structure, as suggested by 
Andreopoulos and Bradshaw, is shown to develop. The interaction of the two shear layers 
gives rise to streamwise oriented coherent structures, formed by the mixing of the old 
near-wall regions of the boundary layers. This change in the preferred orientation of the 
structures is coupled with a sustained reduction in wake spreading and a recovery in the 
velocity profile.
H-H + S noticed that the streamwise near wake characteristics exhibited similarities to the 
flow characteristics, in the normal plane, of a boundary layer. These similarities include,
a) A logarithmic growth region for the wake centreline velocity comparable to the 
log. law region of a turbulent boundary layer.
b) Prior to this a linear growth of UC| occurs followed by a 'buffer' region, analogous 
to the viscous sublayer and the buffer layer of a boundary layer.
c) From both the flow visualisation and the hot film results it seems that the 
structures along the centreline and in the boundary layer vary in a similar manner 
and it is suggested, that when the correct scaling is applied, the profiles, though in 
perpendicular planes, may collapse to one equation.
An attempt was then made to use a simple linear transformation of the form, y+ = kx,+, in 
order that one equation could be shown to govern both flow regimes. Upon evaluating the 
'constant' k for the presented wake data and the turbulent boundary layer data of Johansen 
and Smith (1986) it was found that k was a variable in the range 0.10 < k < 0.12 over the 
range of x'+ values used for the experiment. However for the analysis of the log. law region 
of the boundary layer three values of the constant C, from the log. law, are quoted - varying 
from 4.9 to 5.9 - so this argument is unlikely to be exact.
Nakayama and Liu (1990) presented mean and turbulent velocity measurements, in two 
directions, in the turbulent near wake of a flat plate, over a range of Reynolds numbers from 
800 < Ree < 5500 in order to investigate low Reynolds number effects on the flow. In
boundary layers the viscous sublayer is Reynolds number independent and it is implied by 
most authors that, since the inner wake evolves from the upstream sublayers then this too 
should exhibit Reynolds number independence. Nakayama and Liu examined the previously
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published data and noted that the differences in the centreline wake defect plots exhibited a 
trend with Reynolds number as shown in the plot below. This difference had previously been 
noted by Ramaprian et al. and other workers, but no explanation had been given for the
discrepancy.______________________________________________________________
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The flow visualisation pictures of Haji-Haidari and Smith confirm that Reynolds number 
effects are likely since, as the viscous sublayers are convected past the trailing edge, they 
are subject to the motions of the large eddies which are Reynolds number dependent. No 
definitive conclusions could be made based on the previously published data since marked 
differences in the experimental set-ups existed and so Nakayama and Liu attempted to obtain 
a consistent set of measurements at various Reynolds numbers to check for the Ree effects.
Ux and Cf at the trailing edge were evaluated using a log. law fit, with k  = 0.41 and C = 5.2, 
to the profiles at the first measurement station just behind the trailing edge. Nakayama and 
Liu state that the mean profiles thus obtained are close to the 'normal' flat plate boundary 
layers of Coles and Murlis. However, discrepancies of up to 12.5 % in n  and up to 50 % in 
Cf are apparent from the presented plots, at the highest Reynolds numbers. The mean 
velocity results confirmed the hypothesis that the centreline velocity was Reynolds number 
dependent. Some discrepancies between the previously published data and that of Nakayama 
and Liu were noted and these were thought to be due to trailing edge effects and the state of 
the upstream boundary layers. Rapid mixing occurred in the central region of the wake 
while the outer layers remained unchanged up to approximately x'/0o = 50. The region of 
logarithmic variation of the centreline velocity was seen for each test case and was shown to
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be governed by the function UC|+ = log10x,+ + B where A = 3.8 and B is a function of 
Reynolds number as shown below,
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One test was performed using a plate with a thicker trailing edge in order to assess trailing 
edge thickness effects - a 0.3 mm trailing edge instead of the < 0.05 mm trailing edge was 
used - and it was found that faster growth of UC|+ with x,+ resulted. The 'virtual origin' of 
the wake moved downstream as, physically, might be expected due to the increased length of 
the recirculation region. Nakayama and Liu state that these trailing edge effects become 
negligible beyond x'+ = 2000 but from the plot presented it seems that this is not the case 
until at least x'+ of 6000. It is also stated that Reynolds number effects are seen down to 
x'+ of 4000 which is said to be in the far wake. However this is only equivalent to x'/e0 of 
100 whereas Ramaprian et al. defined the far wake as starting at x'/0o = 350. It does seem 
likely that Reynolds number dependence would continue up to the far wake since the large 
eddy interaction is strong in the intermediate wake.
For the tests with the thinner trailing edge it was found that the logarithmic law region of 
the upstream boundary layer persists to x'+ > 2000 for Ree of about 800 and much further 
for Ree of 6000. The outer layers of the wake were shown to exhibit Reynolds number
dependence in a manner similar to the outer layers of turbulent boundary layers, i.e. with 
decreasing Ree, the wake component decreases and shifts inwards while the range of y'+ for
which the logarithmic law is valid reduces and the outer extent shifts towards the wall. 
Also, with decreasing Ree, the deviation of the inner wake from the logarithmic law 
decreases, as does the width of the inner wake. This suggests that 8 j ,  the inner wake
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thickness, may also be influenced by the outer layer scales. It was hypothesised that, if the 
large scale quasi-periodic motion, as observed by Andreopoulos and Bradshaw and Haji- 
Haidari and Smith, across or near the centreline is significant, then the outer scales would 
influence the inner wake and so Reynolds number effects should be significant for the inner 
wake as well as for the outer layers.
It was thought that the spatial resolution of the X-wire probe utilised may have influenced 
the results at the first downstream measurement position but Nakayama and Liu claim that 
these effects should, at worst, result in a 5 % overprediction in v 2 , the quantity most 
susceptible to spatial errors. However, a high level of v 2 and uv - even taking the possible 
errors into consideration - is still seen near the wake centreline. Streamwise turbulence 
intensity decreased rapidly in the inner wake, with increasing x', though v 2 remained all 
most constant. The Reynolds number influenced region was seen to be wider for u2 than for 
the streamwise mean velocity and wider still for the shear stress, uv. By interpolating the 
results to constant x,+ it was seen that no region of the u2 or uv profiles were Reynolds 
number independent whereas the V 2 profiles were affected very little by the changes in Ree.
It was concluded that the turbulent stresses, over the wake width, exhibit two changes from 
the boundary layer profiles:-
1. a rapid change, over the region up to x,+ = 100, which is a direct reaction to the 
removal of the wall and
2. a slow development downstream of this point.
The first change is Reynolds number independent and scales on Ut whereas the second is 
dependent on Reynolds number in the following manners:-
a) u2 /U t2, in the inner wake, increases with increasing Ree and this difference rises 
with streamwise distance.
b) the peak value of -u v /U i2 also exhibits this trend and
c) the outer layer eddies become larger with increasing Ree so their influence is
greater.
Hayakawa and lida (1992) attempted to extend the measurements of Nakayama and Liu by 
making more detailed measurements, in the region up to x,+ = 500, in the range 630 < Ree <
1350. The authors state that their experiment complements that of Nakayama and Liu but 
major differences between the two experiments are apparent. In particular the trailing edge 
thickness used by Hayakawa and lida is four times that utilised by Nakayama and Liu, the 
boundary layers are tripped in different ways and the X-wire probe used is much larger for 
the latter experiment. It was found that 0 was not constant throughout the wake, despite
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many other researchers stating otherwise, but instead increased just behind the trailing 
edge before reducing, from x'/0o = 2 to 5, to its initial value. This peak in 0/0o decreased in 
size with Ree and was thought to be real since both dp/dx and u2 increase just behind the 
trailing edge. Thus, from the momentum integral equation,
0/Qo should also increase.
Another integral parameter, Qw, where,
was presented to examine its variation with x,+. Wygnanski et al. (1986) showed this 
parameter to asymptote to 1.02 in the wake but Hayakawa and lida showed it to reach an 
almost constant value of 1.15. It was then suggested that this may decrease to 1.02 further 
back in the wake but no reason for this supposed decrease is presented.
Hayakawa and lida presented measurements of all three velocity components, though w2 was 
only measured for one value of Ree. It was shown that the turbulent stresses increase up to
x ,+ = 200. In particular, v 2 , near the wake centreline, increased to over double its 
boundary layer value. The shear stress -uv  also increased up to a maximum of 1.4Ui2. 
Though sensor size effects may have been significant in this region, it was thought that these 
'overshoots' were a genuine physical phenomenon. However, due to the limited number of 
measurements it was not clear if the magnitude or position of these peaks was Reynolds 
number dependent.
The production terms for the turbulent kinetic energy and Reynolds shear stress uv, 
neglecting the dV/dx terms, are :-
Hayakawa and lida state that these terms exhibit peaks at approximately y'+ = 10 just 
downstream of the trailing edge - as for a boundary layer - which diverge from_the 
centreline with increasing x'+ . In the near wake the normal production term, ( v 2- 
u2)0U/3x, was mostly negative with the shear production term, -u v  9U/5y, being greater 
in magnitude. However, as the wake centreline is approached the normal production term 
increases in value making the overall production of turbulent kinetic energy negative in the 
'inner most layer'. It appeared that a large generation of shear stress occurred near the 
trailing edge of the plate. The production terms, in the upstream boundary layers, were 
evaluated using the data from the DNS of Spalart (1988).
( -uv  3U/0y - (u2- v 2) 3U/9x) 
and ( v 2 9U/8y) respectively
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Space-time correlations using two single hot wires positioned in the inner layers were 
measured in order to establish the average path of motion for the fluid in these regions.
Two probe orientations were studied
Case I - where the reference probe was placed in the buffer layer of one of the 
boundary layers while the second probe was traversed across the wake at several 
locations up to 20 mm downstream of the trailing edge, and
Case II - where the reference probe was positioned in the inner wake at yl+ = 20 and 
the second probe was traversed across the wake at locations up to 40 mm downstream 
of the plate's trailing edge.
From the correlation measurements it was concluded that an average fluid 'lump' from the 
buffer layer in the boundary layer approaches the wake centreline at x,+ = 200 before 
moving outwards over the region 200 < x,+ < 400. It then flows downstream almost parallel 
to the wake centreline. Thus, by applying symmetry, it was hypothesised that the strongest 
interaction between the merging shear layers would occur at approximately x,+ = 200 - the 
same position as for the peaks in turbulence presented earlier.
Summary tables describing the different wake generator geometries, the symmetric wake 
flow parameters and the measurements taken are presented in appendix A4 of this thesis.
Analytical and numerical studies
Bradshaw (1970) attempted to predict the near wake flow by extending the method of 
Bradshaw, Ferris and Atwell (1967) from the boundary layer to the near wake. Previous 
work on the effects of a change in surface roughness on a boundary layer indicated that the 
trailing edge effects would, initially, be confined to "a new inner boundary layer" within the 
depth of the plate's original inner layers. By consideration of the turbulent kinetic energy 
equation and by estimating the variation of the dissipation length scale, L, with y' in the 
disturbed region of the flow, attempts were made to predict the mean velocity and shear 
stress profiles in the near wake region. The region for which the prediction was thought to 
be valid was bounded, at maximum downstream distance, by the point at which the new inner 
wake grew beyond the confines of the boundary layers' trailing edge inner layers.
Comparisons with the experimental data of Chevray and Kovasznay were made and showed 
good agreement for both the mean velocity and shear stress profiles in the near wake with 
the expected deterioration in the accuracy of the predictions as the wake spread outside the 
confines of the thicknesses of the original boundary layer viscous sublayers. In order to 
optimise the comparisons a suitable value of a model constant was used. When this same 
value was used to predict the flow behind an aerofoil it was found that the agreement
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deteriorated. It was thought that this was due to uncertainty in the boundary conditions for 
the aerofoil flow and the rather low Reynolds number of Chevray and Kovasznay's 
experiment.
Alber (1980) attempted to extend Goldstein's (1930) analytic solution for the developing 
laminar wake, to the problem of the turbulent near wake. Two inner regions, with distinct 
development regimes, were defined and solutions for the mean flow fields were presented:- 
Region I - where a 'laminar-like' inner wake grows into the region occupied by the 
viscous sublayers of the original boundary layers and
Region II - where the inner wake grows into the region occupied by the original wall 
logarithmic layers.
Region I is bounded by the edges of the upstream viscous sublayers and region II by those of 
the logarithmic regions of the initial boundary layers. Throughout both these regions it was 
supposed that the outer layers of the boundary layers would remain, approximately, 
unchanged despite the removal of the wall constraint and that this region would respond only 
slowly, as the smaller eddies transmitted the effects of the removal of the wall to the larger, 
outer layer scales. The predicted mean centreline velocities were in excellent agreement 
with the measurements of Chevray and Kovasznay for region II. Though only a few points 
were available for comparison in region I they fell quite close to the Goldstein solution. The 
velocity profiles across the wake compared well in region II, and this agreement improved 
with downstream distance.
Patel and Scheuerer (1982) attempted to calculate a near and far wake utilising a k-£ 
model. One symmetric case and two asymmetric cases were modelled corresponding to the 
experiments of Andreopoulos and Ramaprian et al. The standard boundary layer equations 
were utilised assuming that dp/dx was negligible and viscosity was also negligible for all but 
a very short region near the trailing edge. Initial values of k and e were taken from the 
relevant experimental data sets at the trailing edge. However, in view of the lack of 
complete data upstream of the trailing edge, k and e were inferred in most cases. 
Downstream of the trailing edge the development of these parameters was modelled using the 
standard k-e equations. Andreopoulos's, Ramaprian et al.'s and Pot's data were used to test 
the model's performance. The mean and turbulent quantities were predicted well, with 
certain discrepancies, through the near and intermediate wakes. However, in the far wake b 
and Wo were substantially underpredicted, by approximately 30%. The good agreement 
between the model and the experiments in the outer layers of the near and the upstream part 
of the intermediate wake is to be expected since in these regions the outer layer structure 
remains much the same as for the upstream boundary layers for which the k-s model had 
been shown to predict the flow satisfactorily. Once the outer layers had evolved away from
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their previous boundary layer structure the model's results began to show marked 
differences from the measurements.
The model failed to reproduce the overshoots in the turbulent quantities, as seen in the 
experiments, near the trailing edge, but the shear stress and kinetic energy otherwise 
showed good agreement in the near and intermediate wakes except in the outer layer. This 
shortcoming was thought to be related to intermittency effects. In boundary layer flows 
intermittency, as represented by the intermittency factor, y, only affects the region beyond 
y = 0.4 8 whereas, for wake flows, intermittency may be important in the inner layers as 
well, as suggested by the experiments of Andreopoulos and Bradshaw.
As a consequence of this shortcoming Patel and Scheuerer attempted repeating the 
calculations using an adapted eddy viscosity formulation :-
v t  = (Cjx/y) (k2/e)
where y(y'/8') corresponded to the intermittency function in the far wake. Unsurprisingly 
perhaps, this correction improved the far wake results but the growth rates were still 
underestimated by 25%. The near wake correlation between the experiments' and model's 
results was diminished.
Tzuoo, Ferziger and Kline (1986) applied the technique of zonal modelling, as put forward 
by Kline (1982), to free shear flows. This technique involves the modelling of the different 
parts of a flow-field (or zones) independently rather than through the use of a universal 
model, i.e. one capable of modelling all flow regimes. Since most flows of engineering 
application contain a range of 'zones' then by modelling each zone individually and then 
adjusting the regions between zones to give a smooth transition, it was thought that the 
models would give more accurate results than the standard k-e model utilised by Patel and 
Scheuerer. It was thought that the reasons behind the poor performance of the standard k-e 
model in certain flows, including the far wake field, might be due to the model constants 
being evaluated for distinctly different flow regimes. For instance, constant is evaluated 
from local equilibrium free shear layer constraints whereas constant Ce2 is evaluated from 
assumptions about homogeneous grid turbulence. This, it was hypothesised, could lead to 
'contamination' of the model when used for flows other than those used to set the constants.
In order to test this hypothesis three homogeneous flows were modelled. These all started 
from isotropic turbulence before either homogeneous, plane or axisymmetric strains were 
applied. The k-e model of turbulence was used for all the zones but the model constants were 
tuned to agree with DNS data for each flow regime. Obviously, experimental data, if 
available, could also be used for this tuning. For the homogeneous flows much improved 
agreement with the DNS results was achieved when compared to that obtained with the
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standard k-e formulation. In view of this improvement the technique was then applied to 
several free shear flows. From considerations of the physics of these flows it was thought 
that all the free shear flows under investigation - plane and axisymmetric wakes and jets, 
and mixing layers - were dependent on the same single parameter, itself related to the 
velocity difference between the free stream and the centreline of the flow, for the cases of 
the wakes and jets.
The k-e model constants were tuned to agree with the data of Pot in both the intermediate and 
far field regions. It was found that the agreement with the turbulent kinetic energy, shear 
stress, spreading rate and centreline defect decay rate of the experiments was very good and 
exhibited major improvements over the results achieved with the standard k-e model, 
particularly in the far wake. The altered model, utilising the same constants for the wake 
modelling, was then used to simulate a co-flowing jet and mixing layer. The agreement 
between the model's results and experiments was again very good - indicating that the 
hypothetical similarities between the different flow regimes did indeed govern the physics of 
the flows. It should be noted, however, that the good agreement between the model for the 
far- field wake flow and the experimental data does not represent a more detailed 
understanding of the physics of the flow.
Patel and Chen (1987) attempted to match a numerical experiment to the experimental set­
up of Ramaprian et al. though the published paper does not state whether the numerical 
scheme included allowances for the trailing edge thickness of the plate used in the 
experiments. Patel and Scheuerer's turbulence model was used but an attempt was made to 
include the influence of the viscid-inviscid interaction in the model and to determine the 
effects of the neglected terms in the boundary layer equations, on the wake. Two different 
treatments of flow near the wall were used to compare their suitability for the wake 
problem:-
1. - The two-point wall function approach.
2. - A two-layer formulation combining a simple eddy viscosity method and the k-e
model.
The first approach requires the first two points from the wall to be in the logarithmic 
region of the boundary layer. A value for the friction velocity, Ux, is assumed and the mean 
velocity and turbulent kinetic energy, for the first point, are then calculated using the 
logarithmic law and the turbulence equilibrium conditions:-
k = Ut^ C ij,)172 and e = Ux3/ky
From these boundary conditions the velocity for the second point is calculated and an 
improved value of Ux is determined, using the logarithmic law, to update the boundary
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conditions. This process is then repeated until convergence to within acceptable limits is 
achieved. This method is suitable for wall-bounded flows but, since it resolves neither the 
sublayer nor the buffer layer, its performance in the very near wake, where the inner wake 
grows until it has expanded beyond the limits of the original sublayer thicknesses, is likely 
to be inadequate. In order to include the sublayer and the buffer layer in the model a two- 
layer formulation, combining a simple eddy viscosity method and the k-e model, as used by 
Patel and Scheuerer was used.
For this method the computational box is divided into two regions. Region I is upstream of 
the trailing edge and contains the sublayer, the buffer layer and part of the logarithmic 
layer. Within this region a simple eddy viscosity distribution is specified so that the 
momentum equations can be solved. Region II contains the entire wake and the outer regions 
of the upstream boundary layer. Within this region the flow is modelled using the k-e 
equations with the initial values for k and s being specified through a value of Ux arrived at 
by application of the law of the wall near the plate's trailing edge.
From the model's results, a sharp reduction followed by a rapid increase in pressure is 
predicted near the trailing edge as the wake recovers from the low pressure region at the 
trailing edge. This increase then slows rapidly, with streamwise distance along the wake 
centreline. Systematic differences between the results for the two model approaches were 
apparent. The two layer approach predicted too slow a growth in centreline velocity whereas 
the wall function approach predicted the opposite. For the wall function results it was 
thought that errors may have arisen from the lack of the viscous sublayer in the model and 
the high velocity gradients apparent in the very near wake.
The pressure distribution along the wake centreline and on the y'+ = 100 line, for both the 
boundary layer and the wake, showed very good agreement between the two computational 
methods but on the plate's surface this was not the case. This disagreement is due to the wall 
layer approach not modelling the inner layer satisfactorily, and thus not accounting for the 
major source of normal pressure variation. This is the turbulent fluctuation normal to the 
surface of the plate, v2 , whose influence can be appreciated from the y-direction momentum 
equation when the boundary layer approximations have been applied:-
3p/3y = - 5v2/3y
From this it can be seen that when v 2 is at a maximum - at approximately y+ = 15 - the 
pressure variation normal to the flow is at a minimum. Since this point is within the buffer 
layer the interpolation, used for the wall layer approach, cannot model this characteristic of 
the flow. Thus it was accepted that the two layer approach modelled the near wake much 
more satisfactorily than the wall layer model.
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The two layer approach results were also compared to Alber's theory and the data of 
Ramaprian et al. The modelled data agreed very well with Alber's theory for both regions. 
However, discrepancies near the trailing edge and near the centreline of the wake existed 
between the model's results and the experimental data. It was suggested that this was either 
due to shear and turbulence effects on the Pitot probes or on the inadequate treatment of the 
mixing at the trailing edge, by the model and Alber's theory. The far wake models, when 
compared to Pot's results, predicted a 25% slower rate of decay of Wo and a lower eddy 
viscosity - as also seen for the better model used by Patel and Scheuerer. It seems, from 
comparisons of Alber's theory for region I with experimental data, that Alber's solution in 
this region is erroneous though the solution for region II seems to agree well with the 
experimental data.
Bogucz and Walker (1988) investigated the turbulent near wake at a sharp trailing edge 
using the method of matched expansions in the limit of infinite Reynolds number to identify 
the different regions of the flow field. Asymptotic theory led to a description of the trailing 
edge structure independent of any turbulence model though a Reynolds stress model had to be 
employed in order to produce a solution for the shear stress field. For this, the simplest 
possible eddy viscosity model was used, i.e.
- uv = Vj 5U/3y
where vT is an established function different for each part of the flow
The general asymptotic analysis indicates that the major effects of the removal of the wall 
constraint will be contained within an inner wake which grows at a rate proportional to the 
downstream distance from the trailing edge, not x'1/3 as suggested by Alber. The outer 
layers evolve only slowly, in terms of mean streamwise velocity, from their profiles in the 
upstream boundary layers. However, the normal velocity profile develops to compensate for 
the accelerating inner layer. In order to compensate for non-uniformity in V, an adjustment 
region with size of order An by An is required for the outer layers, where An is an inner 
layer length scale.
In order to obtain specific velocity and shear stress profiles a zonal turbulence model was 
used, as explained above. The outer near wake was modelled as for the outer layers of the 
boundary layers and a zonal eddy viscosity model, adapted to the boundary layer and near 
wake flow fields, was used for the rest of the flow. By comparisons of the model with the 
experimental results of Chevray and Kovasznay, Andreopoulos, Pot, and Ramaprian et al. it 
was hoped that a model constant for the near wake, and thus the eddy visosity function 
for the inner wake, could be determined. The data could then be used to evaluate the 
performance of the analytic and turbulence models. However, differences between the
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experimental data sets were apparent; these being partially due to differences in trailing 
edge thicknesses and discrepancies between quantities measured with different types of 
probes.
5*o, the displacement thickness of the boundary layers at the trailing edge, was found by 
numerical integration of the data from the first measurement station in the wake and Ux at 
the trailing edge was calculated from the match condition, or skin friction relation,
Little comparison of the analytic and experimental results, or determination of the eddy 
viscosity function was possible due to inconsistencies in the experimental data. Though good 
agreement between the centreline defects predicted and measured is cited as strongly 
supporting the analysis it should be noted that the majority of the measurement data used for 
comparison in this region, i.e. that of Andreopoulos and Bradshaw, was described in Bogucz 
and Walker's paper as being affected by a significant pressure gradient.
When the eddy viscosity model was applied, following the optimisation of the calculated Ux 
values, comparisons between the modelled mean velocity and Reynolds stress profiles and 
those of Chevray and Kovasznay showed very good agreement in the near wake region. With 
Andreopoulos and Bradshaw's data, qualitative agreement was achieved though the data agree 
best with the optimised Ux model predictions near the trailing edge and the conventional Ux 
data further downstream.
Discrepancies between the modelled data and the experimental data sets of Pot and Ramaprian 
et al. were thought to be due to unmodelled vortex shedding from the trailing edge. With 
downstream distance the correlation does improve thus, possibly supporting this hypothesis.
where k  = 0.41, Cj = 5.0, 
C0 depends on the outer region turbulence model and A0 = 5*0/Ux
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2.1 - Introduction
The experimental part of the project was run concurrently with a Large Eddy Simulation 
(LES) utilising the same flow conditions and test geometry. This imposed many severe 
constraints on the experiments. If an experimental study of the near wake had been 
attempted independently, the experiments would have been conducted at much higher 
Reynolds numbers and the geometry selected would have been much larger in order to avoid 
the problems that will be related in this section.
Direct numerical simulation (DNS) of a flow is computationally very expensive and 
requires an extremely fine mesh in order to resolve all the turbulent motions down to the 
Kolmogorov length scale as defined by
i
(  3 V
V  -IT \ s  —  1
)
where v is the kinematic viscosity in L2T‘1 and e is the dissipation rate per unit mass in 
L2T'3. e describes the rate at which kinetic energy from the smallest eddies is converted into 
heat. Kolmogorov made the assumption that the smallest scales of turbulence were dependent 
only on the viscosity of the fluid and the rate of dissipation of this energy into heat. By 
dimensional analysis the above expression was presented as a length scale, and similar ones 
for the velocity and time scales, for the smallest eddies in a flow.
Since the dissipative small scales are supplied with energy by the larger energy containing 
scales then the dissipation is expected to scale on the velocity and length scales of the large
eddies. Taking these scales as Ux and 5 respectively gives,
ux3
8   2
8
Eliminating between 1 and 2 leads to,
r  c a 
ux 8
v v j
and thus it can be seen that the range of scales increases with Reynolds number.
For LES a subgrid scale model is incorporated into the code to numerically estimate the 
solutions of the Navier-Stokes equations for scales between the Kolmogorov length scale, r|, 
and the mesh spacing, A. Mesh cells are generally not uniformly distributed for any given 
flow but are instead concentrated at points where the velocity gradients are expected to be
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highest. For the present boundary layer flow this means in the vicinity of the tripping 
device and the wall, and for the wake flow, near the trailing edge of the wake generator.
As the size of the mesh is increased (i.e. the mesh becomes coarser) or the Reynolds number 
of the flow is increased, the LES becomes less accurate because of the greater dependence on 
the subgrid scale model. Thus limitations are imposed upon the simulation, and in this case 
the closely-matched experiment, by the cost of the computation.
In order for a reasonably accurate simulation to take place it is required that,
a) the CFL limit (see below) governing the time step is adhered to, and
b) the simulation is run for enough Large Eddy Turn Over Times (LETOTs) in order 
that the statistical scatter is reduced to an acceptable level, where one LETOT is of the 
order of 8/Ux.
The Courant-Friedrichs-Lewey (CFL) condition must be satisfied in order for a finite 
difference code to be numerically stable. This condition can be explained using the Courant 
number, a, where,
U Ata = ------
Ax
where At is the time step between iterations, Ax is the mesh spacing in the streamwise 
direction and U is the local velocity. For the flow to be resolved properly the advection 
length, UAt, must be less than the distance between the nodal points, Ax, i.e. a < 1.
As shown above, as the Reynolds number of the flow is increased the range of scales to be 
resolved by the code, if operating to the same resolution, increases and thus the number of 
calculations per time step increases and the mesh size must also be reduced. This results in 
an increased cost for the simulation. In order that the mesh remains a fixed multiple of the 
Kolmogorov length scales then the computational cost of an explicit simulation rises roughly 
proportional to the Reynolds number to the third power, i.e.
( 0 Ycomputational cost — —
I  v
Since turbulence simulations spend most of their time advancing the flow-field in order to 
reach an uncorrelated state of turbulence, computations using the LES and DNS techniques 
are confined to low Reynolds number flows due to the time required for the simulation to be 
completed. Currently, powerful computers, e.g. the Cray YMP, are capable of performing 
around 108 floating point operations per second. However, in order that practical 
engineering flows can be fully simulated using DNS, computers will need to be able to
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perform 1012 (teraflop) to 1018 (exaflop) floating point operations per second as stated by 
Karniadakis and Orszag (1993).
Due to these computational constraints it was necessary to limit the Reynolds number of the 
flow to about 600 - based on boundary layer momentum thickness at the trailing edge of the 
plate. In the experiments it was thought best to run at a mid-range speed so problems with 
calibration of the hot wires, due to free convection from the wires and manometer accuracy, 
could be avoided. By running the tunnel at this speed the only other factor to be considered 
when setting up the flow for a particular value of Re© (assuming the kinematic viscosity of
the fluid remains approximately constant) is the momentum thickness itself.
For a turbulent boundary layer Schlichting (1979), utilising a 1/7th power velocity 
distribution law, gives,
0 = 0 .036 x
f  \~~ Ue x and 5 = — 0
and this can be used as a rough guide for predicting the size of the necessary flow.
Using a free stream velocity Ue, of 9.6 ms-1 and taking v to be approximately equal to 
1.5x10-5 m2s’1 then it can be calculated that the approximate momentum thickness for such 
a flow is 2.5x10‘3 x4/5.
So, with the length of the plate being 300 mm (roughly equal to x), chosen as a compromise 
between the recovery length following the trip and the maximum Reynolds number for the 
simulation, then 0 is approximately equal to 1 mm. This gives the size of the boundary layer 
at the trailing edge of the plate to be roughly 10 mm and the wake just following this will 
have a total thickness of roughly 20 mm.
In order to measure quantities of interest in such a small flow regime it is necessary to pay 
particular attention to:-
a) the accuracy of probe placement and
b) any effects on the flow caused by the intrusion of the probe.
These will be considered in the next two chapters.
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2.2 - The wind tunnel
All the experiments were conducted in the open circuit 0.9 x 0.6 m blower wind tunnel in 
the Department of Mechanical Engineering at the University of Surrey. The working section 
is 4.5 m long with turning vanes at the downstream end to reduce back pressure effects. The 
free stream turbulence intensity is approximately 0.1 % and the cross-section velocity 
uniformity is better than ±0.15  %.
The vast majority of measurements were conducted at a free stream speed of 9.6 ms*1 though 
possible Reynolds number effects on the formation of the turbulent boundary layers were 
studied at a Ue of 14.4 ms'1. The tunnel has a maximum free stream velocity of 31 ms-1.
For further details on the design, construction and operational parameters of the tunnel the 
reader is referred to Al-Asmi (1992).
2.3 - The traverse gear
In view of the small scale of the proposed flow a major consideration was the accuracy of the 
traverse system to be used. The tunnel's traverse gear at the start of the contract was not 
thought suitable since it enabled accurate measurement in only two of the three directions 
necessary for the wake project. Thus, extensive modifications to the traverse system were 
undertaken.
The traverse mechanism so produced consists of two DANTEC 56H10 traverse motors 
operating in the normal (y) and spanwise (z) planes, bolted onto a streamwise (x- 
direction) traverse system designed by the author and built in the department's workshops. 
Both motors are computer controlled, via LABVIEW virtual instrument programs, and the 
y-traverse has an accuracy of 0.017 mm. The traversed distances are read from the front 
panel display of a traverse control box and then converted from traverse box units to 
millimetres by multiplying by a factor of 0.1667.
The streamwise traverse consists of a trolley system running on linear bearings, on 20 mm 
diameter rails along the entire 4.5 metres of the tunnel's working section. In order to 
counter any effects of warping of the tunnel's wooden structure these rails are bolted onto 
lengths of 2 inch steel box section which are bolted into the wood and accurately shimmed to 
ensure constant height of the rails. Measurement of streamwise distance is, for approximate 
measurement, by using metre rules fixed to the side of the rail support sections and, for 
more accurate determination, particularly for measurements in the near wake, by the use of 
a 0.01 mm accuracy micrometer clamped to one of the rails.
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When the traverse system is being repositioned in either the streamwise or the normal 
direction roof slats can be rearranged to ensure there is no gap in the roof of the tunnel 
which would allow any outflow. For the traverses in the boundary layers and wakes brushes 
were placed around the stem of the traverse 'sting' in order to allow the probe and sting 
arrangement to move freely, allowing only minimal outflow of air from the tunnel.
No matter the accuracy of the traverse system for the positioning of a probe it must be 
remembered that the placement of the probe is always relative to a datum position 
corresponding to a known distance from a surface which must be accurately determined. For 
the current measurement programme this position was determined in a number of ways 
depending on the type of probe being used.
For the Pitot probe measurements an electrical contact method was employed involving the 
attachment of electrical wires to both the steel plate and the probe itself. The probe was 
traversed into the plate until contact, shown as a non-zero resistance reading on an attached 
multimeter, was achieved. The probe was then traversed out from the plate, using the 
minimum traverse increment possible, until a break in contact was achieved. The probe 
centre was then taken as being at 0.65 d from the plate's surface, where d is the external 
diameter of the Pitot probe, in accordance with MacMillan (1956).
In view of the small probe size and possible effects on the electrical properties of the 
previously calibrated wire this method of establishing the datum was not utilised for the 
positioning of the hot wire probes.
For the single hot wire measurements in the boundary layer the probe was carefully lowered 
onto the plate until resting on it. The point when the probe came into contact with the plate 
was assessed using a powerful telescope mounted in the working section. A light was directed 
at an angle onto the plate causing a shadow of the wire to be seen on the plate's surface. By 
traversing towards the plate in increments of 17 pm until the shadow met the probe's 
prongs the zero datum was established. The probe was then traversed away from the plate 
one increment and the wire's position was taken as being half a prong tip diameter, as 
determined from accurate shadowgraph measurements, above the plate's surface. A similar 
approach was adopted for the wake measurements, where the probe was lowered onto the 
surface 10 mm upstream of the trailing edge before the probe was moved to the trailing edge 
using the micrometer mounted on the streamwise traverse rail. Since the micrometer had a 
range of only 20 mm, for measurements further downstream of x = 320 mm the traverse 
trolley had to be moved in 20 mm stages, using the micrometer block and a sprung block on 
the downstream side of the traverse trolley, until the required test position was reached. 
Beyond x = 400 mm problems were encountered due to the first working section's cross­
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stream support member. In order to measure in the second working section the sting of the 
traverse had to be detached from the traverse trolley, both moved to the next section, and 
then reattached. This process allowed measurements to be taken in the entire 4.5 metre 
length of the working section. It was found that this detachment and reattachment process 
introduced only negligible errors in the y-position. For measurements further downstream 
of x = 580 mm it was considered that the reduced resolution from using the metre rules 
attached to the traverse supports instead of the laborious micrometer operations was more 
than sufficiently accurate. However problems did occur when attempting to traverse at 
points underneath or close to the sections' support members though these were overcome by 
using probe supports of various lengths.
After a few traverses it became apparent that the wake, as expected from the upstream 
boundary layer measurements, was symmetric and so for the later wake traverses it was 
thought unnecessary to establish the datum on the surface of the plate but instead the probe 
was traversed across the wake with the y = 0 mm position being taken at the point where the 
wake velocity exhibited a minimum.
For the X-wire and the u'-v' orientation slant wire traverses the lining up procedure was 
less complex than for the single wires. In the boundary layer, in view of these probes being 
more fragile than the single wires, the relevant probe was traversed in close to the surface 
but not so as it touched the plate. The probe was then moved out one increment, in order to 
overcome the inherent overshoot of the traverse, before measurements were started. The y- 
position for a traverse, that is, at the effective centre of the probe, was taken by fitting the 
mean flow profile, from the slant or X-wire traverse, to the mean flow profile measured by 
the single wire at the same streamwise location. For the slant wire in the u'-w' orientation 
the lining up procedure was the same as for the single wire.
For the single hot wire measurements in the boundary layer small discrepancies were found, 
owing to inaccuracies in the datum determination method, between the inner layer profiles 
and those expected from the standard viscous sublayer law. It was thus thought, in view of 
the accepted Reynolds number independence of the sublayer law, that a fit to the standard law 
could be used in order to overcome this difficulty. Each profile was fitted using a point in 
the range 6 < y+ < 8 which is well outside the range where conduction to the plate effects, as 
indicated by Bhatia, Durst and Jovanovic (1982) would be present. In general this required 
a shift of less than one y+ unit (corresponding to about 0.03 mm).
The exact sizes of the hot wire probes, as determined by shadowgraph measurements, are 
included in appendix A5 of this thesis and will be discussed further in section 3.4.
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2.4 - The wake generator and support
As stated in section 1.1 of this thesis it was originally planned to use the same wake
generator for both the symmetric and asymmetric wake cases. It was anticipated that
suction could be used to reduce the size of one of the plate's boundary layers to provide the 
desired ratios of boundary layer thicknesses for the asymmetric wake case.
Early on in the project it had been decided that the simulation for the boundary layer would
operate using a 'virtual plate' with dimensions as shown below.
I
A previous LES study of the symmetric wake by Potamitis and Voke (1992) had used a very 
crudely simulated boundary layer and it was found that the statistical deficiencies of the 
boundary layer data propagated into the wake simulation. As a consequence of these 
deficiencies a full simulation of the upstream boundary layers was thought necessary to 
provide sufficiently detailed and accurate data to set up the successor simulation of the wake. 
At the 'slicing planes' the boundary layer simulation data was used to provide the inflow 
conditions for the wake simulations.
Bearing this initial geometry in mind, an attempt was made to match the experimental and 
simulated boundary layers at the trailing edge. So, for the experiments, the initial aim was 
to form two identical boundary layers which had the same integral parameters, at a position 
near the trailing edge, as boundary layers formed over the 'virtual geometry' shown above.
In order that suction could be used as a means of varying the boundary layer thickness it was 
necessary to design the plate to be thicker than the 1 mm used for the computation. Near the 
trailing edge a length of 1 mm thick flat plate was to be used so the flow could recover from 
any curvature or pressure gradient effects introduced by the aerofoil geometry, and the 
trailing edge thickness would match that used in the simulation.
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Calculations were made using the Viscous-lnviscid Interaction (VII) code AEROFOIL from 
RAe Farnborough. Further details of this code can be found in Lock and Williams (1987) 
and Power (1991). The aim of these tests was to optimise the agreement between the 
boundary layer for a 1 mm smooth flat plate and for the symmetric, variable geometry 
aerofoil as shown below (note that this schematic is not drawn to scale).
geometry to be decided 
trips 1 by AEROFOIL
,1 mm
10 mm
By imposing the highest curvature in the regions where the boundary layers were thinnest 
it was hoped that the effects of the curvature and the associated pressure gradients could be 
minimised. However, following calculations performed with many different forms of 
curvature it was found that no satisfactory agreement between the 1 mm flat plate case and 
any of the other tested geometries could be obtained. These differences were due to pressure 
gradient effects caused by the proposed curvature and tapering of the aerofoil's profile.
Thus it was considered prudent to change the proposed shape of the aerofoil to be a 1 mm flat 
plate thus ensuring correspondence of the flow geometries. Because of the reduction in plate 
thickness the suction method for the production of the asymmetric wake(s) was no longer 
plausible and it was decided to generate the asymmetric layers in a different manner. This 
was eventually achieved through the judicious placement of different sized tripping devices 
for each side of the plate. This will be discussed in greater detail in chapter 4.
The plate itself was manufactured from nominally 1 mm thick polished mild steel and had a 
blunt trailing edge of 0.96 mm. The leading edge was hand worked down to an approximate 
2:1 half ellipse in order to prevent separation over the nose of the plate. Because the plate 
was only 1 mm thick, 300 mm long and over 600 mm in height - in order to span the entire 
working section - it was necessary to stretch the plate to prevent bending which would cause 
the boundary layers on either side to be inherently different due to spanwise curvature. The 
trips were glued to the plate using general purpose adhesive and, once fixed, the variation in 
height above the plate's surface, of combined wire and glue fillet, was no greater than 1.5 % 
over the 600 mm height.
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Because of the limited thickness of the plate no static pressure tappings could be drilled into 
the surface of the plate. Consequently the static pressure for the Pitot and Preston tube 
measurements was obtained from a small static pressure tube placed in the free stream at 
approximately the same streamwise position as the measurement probe; the slight 
discrepancy in static pressure between the two positions being thought to be small over most 
of the length of the plate.
The stretching of the plate was achieved through the use of 2 metre lengths of steel channel 
section bolted to the steel box section under the traverse rails, on the top of the tunnel, and 
to the working sections' cross-stream support members underneath the tunnel. The plate 
was passed through holes milled in the roof and the floor of the working section and clamped, 
using five M6 bolts at both its ends, between aluminium blocks, which were fitted with two 
12 mm threaded bars. The threaded bars were then passed through holes in the channel 
sections and bolts were tightened against them to provide the plate with the required tension.
In order to line up the plate with the mean flow and the streamwise traverse, single hot wire 
measurements on both sides of the plate and at five spanwise and three streamwise locations 
downstream of the trailing edge were conducted. Provision was made in the plate support for 
the trailing edge to be moved laterally, at the top and the bottom, enabling the plate's 
incidence to the mean flow to be varied. Flow symmetry in the boundary layers and in the 
wake just downstream of the trailing edge was used to set the plate at zero incidence. Though 
this is only a necessary rather than a sufficient condition for two-dimensionality of the flow 
in the tunnel it will be shown later that the flow was highly 2-D, from the values of the 
momentum thickness which varied little throughout the wake. Spanwise invariance of the 
velocity and turbulence profiles was also established and will be shown later. The results of 
the lining up tests will be included later in this thesis and show that the flow was also 
symmetrical to a high degree.
Once the plate had been secured in the tunnel it was tested for any noticeable vibration which 
would cause oscillation of the flow and probes. No noticeable vibration took place provided 
all the holes in the roof of the tunnel were covered and it was thus concluded that the plate 
was set up satisfactorily.
2.5 - The tripping devices
A laminar boundary layer in a zero pressure gradient flow will eventually undergo natural 
transition once the Reynolds number, based on plate length, has exceeded a value of 
approximately 3.5 x 105 (Schlichting (1979)). However, when natural transition occurs 
the virtual origin of the turbulent boundary layer so formed becomes difficult to determine
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since it varies in the spanwise direction across the plate. The actual transition also takes a 
relatively long streamwise distance. For the current flow, natural transition would have 
occurred approximately 550 mm downstream of the plate's leading edge. In most 
experiments on turbulent boundary layers, in order to counteract these problems a device to 
promote early, quick transition is used. These devices vary from experiment to experiment 
though their purpose is always to introduce instabilities into the flow sufficient for the 
boundary layer to undergo transition prior to the location where natural transition would 
occur. These devices are known as 'trips' or 'tripping devices'.
Preston (1957) assumed that since there exists a lower limit to the Reynolds number for 
turbulent flow in a pipe (Nikuradse (1930)) then, in view of the similarity in the 
variation of skin friction with Reynolds number between flat plate and pipe flows, a lower 
limit should also exist for turbulent boundary layers over a flat plate in zero pressure 
gradients. From the analysis of experimental data he took this limit to be at Ree of 320.
Any tripping device has a drag and as such increases the momentum thickness of the 
boundary layer flowing over it. If the value of Ree in the laminar boundary layer is larger
than 320 at the trip position then the function of the trip is merely to create disturbances to 
the layer that will bring about transition as close to the trip as possible. However, below 
this value, the trip must create these disturbances and thicken the boundary layer until Ree
exceeds the critical value. The aim of any tripping device, for a boundary layer study, is to 
promote the formation of a turbulent boundary layer which will, at the test position(s), be 
identical, as regards mean and turbulent velocity profiles, to that which would have been 
formed by natural transition - though without the inherent variation in reattachment 
position of the latter. The three most common types of tripping devices for boundary layer 
studies are:-
a) a wire glued to the surface of the plate
b) a strip of sandpaper or grit glued to the plate's surface
c) a row of pins distributed across the plate's surface
Other types of tripping methods such as air jets have also been used though these were 
viewed as unsuitable for consideration due to their inherent complexity and the thickness of 
the wake generator in the present experiment.
Coles (1962), in his comprehensive review of the experimental data collected for turbulent
boundary layers in low speed constant pressure flow, considered the effects of tripping
devices on the downstream flow. It is stated that the use of trips must be handled with care 
since the turbulent boundary layer downstream of the device recovers very slowly from the 
effects of certain kinds of disturbances. Coles put forward the idea that, since roughness
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leaves the log. law undisturbed then the effects of a roughness element must be fed into the 
large eddy structure. Consequently, since the only way these effects can be relaxed is 
through the energy cascade and eventually, the dissipation of the extra energy by the 
smallest eddies, then the trip effects could last for a long distance downstream. A plot was 
presented, for various experimental data sets, showing the approach to equilibrium of the 
wake component, AU/tlx, which is itself governed by the large eddies. From this plot it can 
be clearly seen that the size and type of the tripping device are very important in deciding 
when the boundary layer will be free of residual trip effects.
Klebanoff and Tidstrom (1972) investigated the transition induced by two-dimensional 
roughness elements though their trip wires or rods, of diameter d, only spanned two-thirds 
of the tunnel height meaning that some edge effects may be apparent in their data. It is stated 
that it is customary to correlate transition data for 2-D roughness elements with the 
parameter d/8*d, where 8*d is the displacement thickness of the layer at the trip position 
without the roughness element, i.e. the Blasius displacement thickness if leading edge effects 
on the laminar boundary layer are ignored. Oscilloscope traces were presented which seem 
to indicate that transition downstream of a 2-D roughness element occurs in a similar 
manner to natural transition, i.e. as shown in the schematic below,
Idealised Transition on a Flat Plate
PLAN VIEW
1 2 3
1. STABLE LAMINAR FLOW
2. UNSTABLE TOLLMIEN-SCHLICHTING WAVES
3. 3-D WAVES AND VORTEX FORMATION
4. BURSTING OF VORTICES
5. FORMATION OF TURBULENT SPOTS
6. FULLY DEVELOPED TURBULI
SIDE VIEW,
- ^ * < 3 3 S> ./*  P
 —   ► !
LAMINAR TRANSITION TURBULENT
After White (1974)
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It was concluded that the effect of the roughness element could be viewed as a stability 
phenomenon, and stated that the roughness itself does not introduce disturbances but instead 
induces earlier transition by the destabilising influence of the flow in the recovery zone on 
existing disturbances which hasten the downstream development of the instability. It was 
also stated that the shape factor of the downstream boundary layer depends on both the
upstream boundary layer and the trip Reynolds number though the dependence on HfLJ? js
v
only a relatively weak one. It was determined that the recovery of the mean velocity profile 
to that typical of a smooth flat plate layer took place about 70 trip diameters downstream of 
the trip position for three different trip Reynolds numbers and this appears to be the 
downstream limit of their measurements.
Smits (1982) demonstrated that to determine the effect of different transition devices, the 
expected boundary layer development and the position of the virtual origin must be known. 
It is stated that the position of the virtual origin also gives some indication of the influence 
of the transition device. If the virtual origin is appreciably upstream of the trip then this 
implies that the trip has a significant effect on the downstream boundary layer development 
and recovery may be slow. If the virtual origin lies appreciably downstream of the trip then 
this indicates that the tripping device is not as efficient as it could be. Thus, if the trip has 
been chosen carefully the virtual origin should occur close to the trip position. However, 
difficulty was experienced in determining an unambiguous and physically meaningful 
position for the virtual origin since, unlike the Blasius profile, the development of the 
turbulent boundary layer cannot be simplified to a single equation of growth. The position of 
the virtual origin was determined from the momentum integral balance but difficulty was 
experienced in gaining consistent values which would enable comparison of the different 
turbulence promoters, since the balance is difficult to determine accurately.
Smits, Matheson and Joubert (1983) investigated the use of pin type turbulence 
stimulators on the downstream development of low Reynolds number turbulent boundary 
layers. Also investigated was the use of different leading edge profiles. The existence of a 
logarithmic region in the mean velocity profile was used as the primary criterion in 
deciding whether a boundary layer profile was fully developed. However, in view of the fact 
that the roughness elements affect the large eddy containing wake region it seems that this 
criterion is not demanding enough. The wake parameter n was not used as the criterion 
since the 'correct' variation of this was known only for zero pressure gradient and 
equilibrium boundary layers while the authors also wished to study boundary layers in 
favourable pressure gradients. It was concluded that the downstream influence of the pin 
type stimulators was very limited though only one type and size of stimulators was used.
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Gibbings, Goksel and Hall (1986) studied the influence of wire trips upon boundary layer 
transition. It is stated that wire trips have the following four advantages:
a) they can be of a readily reproducible and controlled size
b) they can be easily and precisely fixed to the surface
c) they allow transition to be induced upstream of the position where natural 
transition would take place
d) they result in the gradual and controllable forward movement of transition with 
increase in unit Reynolds number of the flow
As the free stream velocity is increased the positions of both the beginning and end of the 
transition region move upstream towards the edge of the separation bubble. With further 
increase these positions move forward along the edge of the shear layer that bounds the 
separation bubble behind the trip. Thus the reattachment can be laminar, transitional or 
turbulent. In contrast to Smits et al., Gibbings et al. state that distortion of the outer layer 
persists well downstream of the distortion of the logarithmic law, as should be expected 
from other studies of rough wall boundary layers, for example that of Hama (1954). An 
empirical function to indicate the existence of the 'recovered' turbulent boundary layer was 
proposed and the development of two boundary layers towards this line was shown. The 
function is described by,
ln(H/(H-1)) = 0.094 In Re0 + 0.56
For the case when Ue d = 2240 it was found that the recovery of the boundary layer to a 
v
typical smooth wall profile took 26.6 trip diameters whereas Klebanoff and Diehl (1950) 
had suggested that 450 trip diameters were required before the profile could be thought of as 
being fully developed. Unfortunately neither the positions of the trips nor the trip 
diameters were reported so no further conclusions can be made on the reasons for this 
discrepancy. Subramanian and Antonia (1981) reported a recovery length of 300 trip 
diameters whereas Graham (1969) states that 100 diameters was enough for the 
development of a normal turbulent boundary layer profile. Possible reasons for these 
discrepancies will be discussed in section 4.2.
Erm and Joubert (1991) investigated the effects on the flow structure of three types of 
turbulence stimulators in order to assess how the type of tripping device affected the 
development of the shear layer. Wire, grit and pin type stimulators were assessed in detail 
and a "design reference velocity" was proposed corresponding to the trip type and dimensions 
which should be used to give the boundary layer just enough turbulent energy to become 
fully turbulent but not to over stimulate the flow, i.e. to give more energy to the large outer 
layer eddies than would be seen in a "naturally" developing (no trip) layer at higher 
Reynolds numbers. It was found that the grit trip was most affected, as regards the stability
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of the transition region, by a change in the free stream velocity and the pins were the least 
affected. As regards Coles' (1962) curve, showing the variation of the wake strength with 
Reynolds number, it was noted that the wire-tripped layer was the least affected by a change 
in free stream velocity and the pin-tripped layer the most sensitive to these changes.
Skin friction measurements were made, using Preston tubes in conjunction with Patel's 
calibration, in the spanwise plane. It was found that the pins showed the most variation with 
spanwise distance. It was proposed that this was due to the three-dimensional wakes of the 
pins. It was also stated that the device exhibiting the least transverse variation in Cf with 
decreasing Re© was the wire. Thus, experimentally it seems that the choice of a wire as a
tripping device is the optimum solution. By running at the "design reference velocity" as 
proposed, it was thought that the boundary layer could be tripped "correctly" and any errors 
in skin friction measurement due to transverse positional placement of the probe could be 
minimised.
During the course of the present experiments many different tripping devices were used in 
order to deduce the optimum trip diameter and placement for the development of the wakes 
from fully developed low Reynolds number turbulent boundary layers free of residual trip 
effects. The choice of these trips will be discussed, and their performances reviewed in 
relation to the literature, in section 4.2.
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During the course of the experiments Pitot probes, Preston tubes and hot wire anemometers 
were used to establish the characteristics of the flows. In this chapter the techniques 
involved in applying these methods, as well as their limitations, will be discussed.
All the measurements were made using a Macintosh computer operating the LABVIEW virtual 
instrument package to run traverse control and data acquisition software developed within 
the Fluid Dynamics Group. The details of this data acquisition will be given in section 3.5.
3.1 - Pitot probe measurements
A Pitot tube operates on the principle that a tube bent into the mean flow and long enough to 
bring the fluid to rest will measure the total pressure of the flow. Since the tube is an 
intrusive technique then care must be taken to use probes which will not cause significant 
alteration to the flow upstream of the probe orifice such that the pressure here becomes 
significantly different to that of the flow elsewhere.
Care must also be taken when Pitot tubes are used for measurements in turbulent flows due 
to the fluctuations in the normal and spanwise planes, since the limited angular response of 
the tube will result in errors for the mean streamwise velocity. For further details of the 
design and operation of pressure probes see Chue (1975).
3.2 - Skin friction measurements
During the course of this experiment two methods of skin friction measurement were 
utilised; the Preston tube and Clauser chart methods. These are explained below. For 
further details on the range of techniques available for the evaluation of skin friction see 
Winter (1975).
Preston tube method
The use of a flat-faced Pitot tube placed on a surface to determine the skin friction 
coefficient, Cf, was first put forward by Preston (1954). Four round Pitot tubes of 
different diameters, but of geometrical similarity, were used on the surface of a pipe. By 
assuming a region near the wall obeyed the relation,
—  = f 
ux
r  \  
y UC
v v j
then, through local dynamic similarity, a method must exist of determining the wall shear 
stress xw, if U, y, p and v are known. This method also relies on the prior knowledge of the
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effective centre of the measuring Pitot tube so that y can be accurately evaluated. Preston 
suggested a calibration curve following:-
Y = 2.647 + 7 X/8
where X = log10f APd2 N 
4pv2
and Y = log10\ . d 2^
4pv2
Patel (1965) investigated the apparent errors in the measurement of Cf when using 
Preston's calibration. Pressure gradient effects on the use of the Preston tubes were also 
investigated though Preston had stated that a round Pitot tube on the wall could be used to 
measure Cf independent of the existence of a pressure gradient.
Patel's experiments used three different pipes and many different Preston tubes, not all of 
geometrical similarity, and the true Cf was calculated from the pressure drop along the 
pipes. Since the velocity profiles for pipe and flat plate boundary layers vary only in the 
wake region (flat plate layers have a larger wake defect at the same Ree) the calibration
suggested was thought to be suitable for use in the flat plate boundary layers of the present 
experiment.
The calibration proposed by Patel, with interpolation modifications was, 
Y = 0.8287 - 0.1381 X + 0.1437 X2 - 0.0006 X3
Y = X + log10(0.0211751 - 0.002299 X)
Y = X - 2 log10(1.95 Y + 4.10)
for X < 4.9
for 4.9 < X < 6
for X > 6
where X and Y are defined as for Preston's calibration
Clauser charts
Clauser (1954) suggested the use of the measured velocity profile as a means of determining 
the skin friction in a boundary layer. The method relies on the prior knowledge of the 
constants in the logarithmic law of the boundary layer. Since, in the constant stress region,
+ c—  = -  Irj 
UX K
f  \  
yUX
and it can be shown that,
—  — lrl 
Ue UX K
f  \  
yUe
+ ±  irl 
K vUe,
+ C
then a series of lines expressing U/Ue as a function of In 
to varying values of the skin friction coefficient, Cf.
r  \  
yUe
v v j
can be drawn, corresponding
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Values of k  = 0.41 and C = 5.2 were used for the present study. By matching the 
measurement points in the logarithmic region to a line of constant Cf then values of skin 
friction and, thus, friction velocity were determined.
3.3 - Hot wire measurements
Hot Wire Anemometry (HWA) is perhaps the most versatile and widely used technique for 
the measurement of velocities in turbulent flows. The technique relies on the rate of cooling 
of a thin wire placed in a flow; the wire's temperature being inferred from its resistance. 
Though newer techniques such as Laser Doppler Anemometry (LDA) and computer analysis 
of flow visualisation pictures are now increasing in popularity, their main advantage over 
HWA, the non-intrusive nature of the techniques, is still considered by many experimenters 
to be outweighed by the sometimes prohibitive cost.
Hot wire probes are most commonly operated in constant temperature mode where the wire's 
operating temperature, about 200° C in general, is kept constant by an amplifier in a 
feedback loop (usually a Wheatstone bridge) which has the effect of compensating for the 
thermal inertia of the wire. The sensors themselves are made from small diameter, usually 
5 jim or less, platinum or tungsten wires welded between support prongs which are 
electrically connected to the bridge. In view of the diminutive size of the wires their 
operation can be problematic if dust or particles appear in the flow.
Wires are calibrated, usually in a low turbulence flow to reduce any non-linear effects, in 
order to relate the output voltage of the bridge, E, to the velocity of the flow which is 
measured using a reference Pitot-static tube also located in the free stream. By taking 
measurements of velocity and output voltage over the expected test range for the experiment 
a calibration curve can be determined.
By analysis of the complicated heat transfer laws for forced convection from a thin wire 
King (1914) deduced a correlation between the Nusselt number of the wire and the Reynolds 
number of the flow such that,
Nu = A + BU0-5
where A and B are constants.
This can be written in the more general form,
E2 = A + BUn
where the index, n, is dependent on the characteristics of the hot wire being used. Most 
commonly n is set to 0.45, rather than 0.5, and this value was used for all the
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measurements in the current project. A standard calibration curve for a hot wire is shown 
below. ____
2 2 T
2 0 - -
1 8 - -
CM
111
1 6 - -
1 4 - -
1 1.5 2.5 32
(JO 45
Calibrations should be repeated regularly since the wires tend to drift away from this 
calibration as they are affected by fluid temperature changes, deterioration of the wire itself 
or dirt accumulation on the wire causing a change in the constants, A and B. For the present 
set of experiments the wires were calibrated both before and after each traverse which 
lasted no more than two hours.
A single hot wire is generally used for the measurement of the streamwise mean and 
fluctuating velocities. Single hot wire measurements of U, u2, u3 and u4 were, in general, 
taken during the course of the current investigation. To make measurements of the Reynolds 
shear stresses uv, uw and vw, and the normal and spanwise turbulent stresses, v2 and w 2 , 
a X-wire is generally used which consists of two wires perpendicular to each other and at 
approximately 45° to the two velocity components to be measured.
The outputs of the two wires, in the orientation for measuring velocities in the normal and 
streamwise directions, can be written as (U+Vtanij/i) and (U-Vtan\|/2), where \|/-| and \j/2 are 
the 'effective angles' of the two wires to the flow. By manipulation of these terms, values of 
mean and turbulent stresses can be determined. Third and higher order moments such as 
u2v and uv2 can also be determined. By aligning the probe in further planes the other 
components appearing in the governing equations can be measured. To evaluate the turbulent 
quantities clearly the angles \jr, and \j/2 must be known. These are found by determining the 
effects of changing the angle, between the plane normal to the wire and the mean flow 
direction, on the cooling of the wire. This is achieved by yawing the probe over a range of 
angles, usually ±15° relative to the null position at right angles to the mean flow. The exact 
method, known as the effective cosine law, is explained below.
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plane normal to wire
velocity component 
normal to wire
velocity component 
along wire
wire
When the flow is in the streamwise direction we have,
E2 = A + BUn
Now, this is only true when the flow is fully in the x-direction. Thus, in general we have,
E2 = A1 + B1(U cos\|/)n 
If the probe is rotated by a small angle, AG, then we have,
E2 -A-| = B-|[U cos(\|/ + A0)]n 
Dividing these expressions gives,
(E 2Ae -  A , )
(e26=0 - A,)
and so,
(e2A6 -  a ,)
(e26=o - a ,)
= cos A0 - (tan \|/.sin A0)
So to find the effective angle we should plot
( e2a9 -  A,)
(e29=o - A,)
- cos A0 versus sin A0 to give tan
\|/. This method should be repeated for both wires taking into account that the outputs will 
have different signs. A typical yaw angle calibration curve is shown below.
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Another method of measuring the normal and spanwise components of velocity and the 
associated Reynolds stresses, is to use a slant wire. The slant wire consists of a single hot 
wire filament placed at approximately 45° to the two components of velocity to be measured. 
By rotating the wire through 180° and repeating the traverse, the values of (U+Vtan\|/) and 
(U-Vtan\|r) can be determined and the corresponding velocities and stresses calculated, in 
conjunction with a known distribution of u2. This method has the advantage over the X-wire 
technique in that it utilises, in effect, two perfectly matched hot wires. However, associated 
with this method are other problems, particularly for very small flows such as the one 
under consideration, since the measurement positions in one orientation must be matched 
almost exactly with the traverse positions in the other orientation in order for accurate 
results to be obtained.
3.4 - Measurement errors associated with hot wire probes
Assuming the use of an ideal anemometer, the accuracy of measurements made using hot wire 
probes depends on the following factors.
1. Rectification of the signal
2. Influence of the tangential and binormal velocity components
3. The length of the wire
4. The length to diameter ratio (I/d) of the wire
5. The separation between the two wires of a X-wire probe
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These errors have been considered by many researchers and, in some cases, evaluated, 
normally assuming some form of simplified turbulence field, so their influence on the 
measured statistics can be determined and, ideally, corrected for. The following constitutes 
a brief review of the literature in this area undertaken in order that errors in the 
measurements taken during the current experimental program could be minimised, by 
judicious choice of probe size and design, and assessed. The flows studied during this project 
were very demanding of the technique owing to both the size of the flows and the high 
turbulence intensities experienced.
It should be noted that many more papers on the accurate use of hot wire anemometers, for a 
variety of configurations and flow regimes, have been published but are not considered here. 
For a bibliography of these papers see Freymuth (1992).
Since most papers published on hot wire measurement errors report on more than one of 
the possible errors listed above the review will be presented in chronological order rather 
than concentrating on the individual areas of concern. Prior to the review a brief 
description of the possible errors will be presented.
1. Rectification
Rectification occurs due to the probes' inherent inability to sense flow direction, i.e. a flow 
reversal will give the same cooling as that in the opposite direction. This insensitivity is a 
major problem when levels of turbulence intensity are high, since instantaneous changes in 
the sign of the normal velocity component will occur far more often as 'negative1 velocity 
fluctuations increase to values of the same order of magnitude as the mean flow. For a single 
hot wire placed normal to the flow this will only occur during instantaneous flow reversals 
whereas for a X-wire probe this will occur far more regularly due to the inclined wires.
2. Influence of the binormal and tangential velocity components
The ideal hot wire probe is one which, when placed normal to the flow would only be cooled 
by the fluid in the streamwise direction. Cooling along the wire axis, prong interference and 
other unknown effects cause additional complications for the evaluation of the 'effective 
cooling velocity' of the wire.
3. Length of wire
A hot wire probe spatially averages the velocity signal along its length and so cannot resolve 
any eddy scales smaller than the wire's active length. For the study of near-wall flows 
where most of the turbulent kinetic energy is contained in eddies of small wavelength, this 
can lead to an underprediction of the turbulent intensity.
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4. Wire length to diameter ratio
A low wire length to diameter ratio (I/d) will cause increased conduction of heat from the 
hot wire to the support prongs thus causing the overestimation of the velocities by the 
anemometer.
5. Wire separation
The separation of the two wires of a X-wire probe is of major importance. In regions of high 
shear the instantaneous velocity measured by the two wires will be different. The error due 
to separation of the wires is further complicated if the wires are placed too close to one 
another since the thermal wake of one wire can impinge on the other thus causing an 
underestimation of the velocity vector by the downstream wire.
Review of the literature
Wyngaard (1968) presented an analysis of spectral measurements for single and X-wire 
probes and compared the results to experiments in a curved mixing layer. For the analysis 
homogeneous turbulence and small scale isotropy were assumed which enabled numerical 
results to be obtained once a form for the three dimensional spectrum had been assumed. 
Pao's (1965) 3-D spectrum function was used for this. Low intensity turbulence and no 
tangential cooling effects were also assumed. At large wave numbers the streamwise 
spectrum, as measured by the X-wire, was seriously contaminated by 'crosstalk' from the 
lateral component. It was found that this contamination depended on the probe geometry and 
the Kolmogorov length scale of the flow regime under consideration. The lateral spectrum 
was much less seriously contaminated and thus it was suggested that a single hot wire should 
be used to evaluate the u' spectrum and a X-wire should be used for the v' spectrum.
Jerome, Guitton and Patel (1971) investigated the problems associated with pitching of a X- 
wire probe. These problems were attributed to the wires being positioned too close together 
thus causing the response of the second wire to be altered due to the thermal wake of the first 
wire; the leading wire into the flow. By analysing the signal from the downstream wire, for 
various pitching angles, while the upstream wire was left cold and then comparing this pitch 
response to that when the first wire was in normal operation, it was noted that the thermal 
wake of the upstream wire did indeed affect the response of the downstream wire. Attempts 
were then made to modify the probe in order that the thermal wake interference could be 
removed. It was found that by manufacturing the probe with the separation between the 
wires being one wire length, then the thermal wake no longer had an impact on the pitching 
sensitivity.
Bruun (1972) considered the dependence of the hot wire signal on the angle of yaw, the 
support orientation and the I/d ratio. It was shown that the signal depended on the support
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orientation of the probe (parallel or perpendicular), and that errors due to assuming the 
'cosine law' for the effective cooling velocity also affected the signal. It was concluded that 
by combining a single hot wire evaluation with X-wire measurements, the unwanted effects 
of high turbulence on the signal could be minimised.
Tutu and Chevray (1975) assessed the effects of the axial (w1) cooling of the hot wire and 
the effects of rectification of the hot wire signal by examining how the joint probability 
density function (pdf) surface in the u'-v' plane was distorted due to axial cooling and 
rectification. To evaluate the 'measured' joint pdf. and related moments it was necessary to 
assume a certain joint pdf of the three random variables, u', v' and w' and then find the 
transformed pdf of the instantaneous velocities measured by the probe. In the paper a 
normal distribution was assumed for the instantaneous velocities in all three planes. It was 
stated that an actual measured skewness could be utilised for this purpose. It was found, as 
expected, that the errors for the X-wire probe were much greater, for the same turbulence 
intensity, than for the single wire probe. It was also found that the errors due to 
rectification, for high turbulence intensities, were of the same order of magnitude, and 
augmented, those due to axial cooling. Since, for the present experiments, the 'effective 
angle' approach to yaw calibration was utilised then only the errors due to rectification need 
to be applied to the collected data. This approach accounts for the axial cooling of the wire, 
without the need to undergo an extensive yaw calibration in order to ascertain a value of k. 
Browne, Antonia and Chua (1989) concluded that there was no advantage to using this 
directional sensitivity approach. The method to correct the measured data was adapted, for 
the effective angle approach, and is discussed further in appendix A6.
Muller (1982) found through detailed calibrations that the cooling of individual X-wire 
arrays, of the same nominal geometry, could not be described by a single law. It was found 
that by calibrating the probes individually the accuracy of the Reynolds stresses so obtained 
was much improved. These discrepancies were thought to be based on the fact that the 
'cosine' cooling law is derived from consideration of an infinitely long hot wire and so, for 
wires of different I/d ratios, with slightly different prong geometries and slightly different 
heat transfer properties, the assumptions inherent in the cosine cooling law are no longer 
valid. The errors in the measured Reynolds stresses evaluated with an empirical cooling 
law, as opposed to the actual one, were estimated analytically from the governing equations 
and confirmed by corresponding recalculations from the same set of measurements. It was 
found that the corrected results were lower for u2, -u v  and -uw  and higher for v 2, w 2 and 
vw .
Derksen and Azad (1983) performed a comprehensive experimental examination of the 
effects of hot wire length and I/d ratio for a single hot wire probe, by taking measurements
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at y+ of 150 in a pipe flow of Reynolds number, based on centreline velocity and boundary 
layer thickness, of 37000. It was shown that systematic errors in single hot wire 
measurements exist due to the averaging of the fine scale structure over the length of the 
wire. From spectral measurements with wires of 86 < I/d < 1000 it was found that 
differences were apparent between the acquired u' spectra - the longer wires showing less 
energy content of the signal. Wyngaard's correction was applied and shown to be 
approximately correct but the correction was shown to be small and it was stated that the 
correction was probably insignificant for most purposes. This is stated as being due to the 
relatively large error in determining the spectral density which swamps the spectral 
correction in all but the most extreme cases. This supports the assumption that Pao's 3-D 
spectrum can be used to obtain corrections to hot wire behaviour. While, for the 
measurement point under consideration this may be true it seems that this assumption may 
not be valid when looking at points nearer to (or further from) the wall, i.e. outside the 
inertial sublayer. It is stated that the skewness and flatness factors, for both u' and 5u'/Jt, 
show no significant variation with wire length or I/d. Though no trend is shown with wire 
length, significant variation in these higher order moments is apparent It seems that the 
fact that the data was measured in just one position may preclude any firm conclusions about 
the variation of the turbulence statistics. It should be noted that the precision of these 
higher order moments is poor and, if the effect of wire length is small, it may not be 
detected.
Johansson and Alfredsson (1983) studied the effects of imperfect spatial resolution on hot 
films and wires, using films of two lengths (l+ = 14 and l+ = 32) for measurements in a 
fully developed channel flow in a water channel. Measurements to investigate Reynolds 
number effects were also made. It was found that the maximum measured streamwise 
turbulence intensity was 10 % higher for the shorter probe and that the zero crossing point 
for the skewness factor was shifted away from the wall for the l+ = 32 probe. However, 
beyond y+ of 30, the u2 plots collapsed onto a single curve. By measuring at a higher 
Reynolds number, such that the shorter probe attained l+ = 32, it was found that the 
Reynolds number effects on the results were small, though from the presented plots it can be 
seen that the Reynolds number affects the statistics more as the order of the moment rises. 
In fact, for the flatness factor the Reynolds number effects in the near-wall region seem to 
be as large as the effects due to spatial resolution of the probes. The shifting of the skewness 
zero crossing point, away from the wall was also noticed in the LES data of Moin and Kim 
(1982). It was suggested that the higher value of skewness observed in the buffer region by 
the larger probe could be attributed to the spatial averaging of low velocity regions of small 
spanwise extent (streaks). Due to the small spanwise lengths of sweeps (4th quadrant 
events) relative to ejections (2nd quadrant events) it was thought that the ejections would 
show greater spatial averaging. Since sweeps contribute positively to the skewness and
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ejections vice-versa then the resultant overall skewness factor would become more strongly 
positive. Also, by comparing their experimental data to those of other workers a plot of 
maximum streamwise turbulence intensity as a function of the probe length in viscous units 
was presented which indicates a definite trend of decreasing u2max with increasing l+ .
Fingerson and Freymuth (1983) reviewed the use of thermal anemometers and compared 
their performance, particularly, with Laser Doppler Anemometry (LDA) which was 
becoming increasingly used for the measurement of turbulent quantities, as the cost of 
available systems began to fall. It was stated that the major factor governing the spatial 
resolution of hot wires is the I/d ratio: however, the use of high I values and low d values 
could present other problems. For the length of a probe a compromise must be reached 
between a short sensor - giving good spatial resolution and low aerodynamic stress - and a 
long sensor - giving lower conduction of heat to the supports, a more uniform temperature 
distribution along the wire and a reduced support interference effect on the flow. Likewise 
the choice of sensor diameter must also be a compromise. A thin sensor will reduce 
separated flow around the sensor (thus reducing output noise), have a lower thermal inertia 
and higher heat transfer coefficient, thus improving the wire's time response. It will also 
have good spatial resolution and will improve the signal to noise ratio at the higher 
frequencies. A larger sensor diameter, however, has the advantage of increased strength and 
will also reduce the effects of contaminants in the flow on the wire response.
Ligrani and Bradshaw (1987) made measurements with subminiature single hot wire 
sensors, with diameters in the range 0.625 pm < d < 5 pm and lengths in the range 50 pm < I 
< 3 mm, in the inner layer of a turbulent boundary layer with most measurements being 
made at a Ree of 2630. It was stated that high spatial resolution is required for
measurements near the sublayer in wall-bounded flows and since the major axis for an LDA 
system is typically of the same length as a hot wire then this technique shows no advantage. 
It was also stated that, since even the smallest eddies near the wall are highly anisotropic, 
any corrections for spatial response based on local isotropy or of a universal spectrum 
shape are unlikely to apply in this region. The position of the probes relative to the wall 
was determined by the well-known viscous sublayer law, as used for the boundary layer 
traverses for the current experiment. It was found that the error in u2, due to the I/d ratio, 
could be described by the following empirical relationship,
u22/ u 2J  = 0.20 (l/d)'m2
where subscript a denotes actual and 
index m2 = 0.32.
This expression was thought to be valid in the approximate range 70 < I/d < 3000.
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From the presented spectral measurements, at y+ of 17 and 169, it was found that, at 
higher frequencies, higher energy levels were measured as the length of the wires decreased 
and thus, in wave number space, less spatial averaging occurred with shorter wires. It was 
stated that high wave number motions will be isotropic for a shear flow provided there is 
substantial separation in wave number space between the energy containing eddies and the 
dissipative eddies. However, in the viscous sublayer, the Kolmogorov length scale is of the 
same order of magnitude as the distance from the wall and so even most of the small scale 
motions are anisotropic. It is shown that Wyngaard's correction shows reasonable 
agreement for the different hot wires, at y+ = 169. However, at y+ = 17, the flow is 
significantly further from isotropy and the measured attenuations are significantly larger 
than Wyngaard's correction predicts. The attenuation is defined as the ratio of the measured 
wave number spectral density to the true wave number spectral density. The conclusions 
from the tests at y+ = 17 were as follows,
a) sensor response diminishes significantly as I/d falls below 150 - 200 due to heat 
conduction from the wire to the prongs.
b) sensor response also diminishes as l+ becomes greater than 20 due to spatial 
'eddy averaging'.
c) for l+ < 20 and I/d > 260 the streamwise spectra exhibit increasingly high 
frequency energy levels as I decreases, though the total value of u2 changes only 
slightly.
From all the tests conducted it was concluded that the optimum design for a single hot wire 
was with I/d of 260 and using the smallest diameter wire tested (d = 0.625 pm), giving a 
length of I = 160 pm (about 3 viscous lengths for the present experiment).
Hirota, Fujita and Yokosawa (1988) considered the influences of velocity gradients across 
the two wires of a X-wire probe, and suggested, and tested, a new method of X-wire 
anemometry designed to eliminate these errors. By expanding the response equations using a 
Taylor series, and neglecting the third and higher order terms, the error caused by the 
velocity gradients, for the mean and fluctuating quantities, could be determined. By using 
two X-wire probes, one the mirror image of the other, and traversing each one separately 
across the flow field, the error in the measured velocities for each of the probes could be 
eliminated by simply taking the arithmetic mean of the two values. It was found, when the 
new method was applied to measurements in a rough wall turbulent duct flow, that, though 
the streamwise mean velocity, U, agreed well for both probes, the lateral velocity, V, 
profiles showed opposite swirling patterns depending on which probe was used. By 
arithmetically averaging the two obtained values of V then symmetry, which was to be 
expected in such a flow, was obtained. The normal Reynolds stresses showed little difference 
between the results from the two wires but for the Reynolds shear stress, a similar pattern 
to the one for V was obtained and corrected for.
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Browne, Antonia and Shah (1988) took X-wire measurements in the far wake of a cylinder. 
The I/d ratio was set at 150 and the wire's length was equivalent to one Kolmogorov length 
scale. The separation between the two wires was varied between 0.4 and 8 r\. It was found 
that, as the wire spacing was increased, the u' intensity was underestimated - the difference 
between the smallest separation and the largest being 4.5 %. The lateral intensity was 
overestimated more significantly - the same difference in the separation giving a 9 % 
overestimation when the separation was 8 r|. Measurements of uv were thought to remain 
unaffected by the change in the wire separation. It was stated that in order to limit the 
errors in the time-averaged quantities to about 4 %, I/d should be greater than 140, l/q 
less than 5 and the wire separation should not exceed 3 r|.
Browne, Antonia and Chua (1989) compared two techniques of calibrating for the yaw 
response of hot wire probes. The first being the assumption that an effective angle, 
independent of flow speed, can be deduced is the method used for the current investigations of 
turbulent boundary layers and wakes. The second method compared was the more general 
method of determining the yaw response of the X-wire probe at a number of flow speeds. The 
effective angle approach takes into account factors such as the straightness of the wires and 
axial cooling, as well as the, more dominant, normal to the wire cooling. It was found, 
following determination of the effective angles and the full velocity versus yaw calibration, 
that the results, when the calibrations were applied to jet data, showed good agreement in u2 
and -u v  for the two calibration methods, even in high intensity turbulence. However, in 
turbulence intensities of nearly 60 %, a tendency for the effective angle approach to give 
higher values of v 2 was noted. It can be seen from the probability density functions that 
both the methods start to fail in this region due to rectification. Thus it was concluded that 
the effective angle approach gives surprisingly accurate results, even in high intensity 
turbulent flows, though for high v 2 the full yaw calibration gives better results. It is stated 
that there is no advantage in using the axial directional sensitivity, k, to allow for 
longitudinal cooling and that if accurate values of the instantaneous velocity vector angles 
are required, as for structural investigations, then the full velocity versus yaw calibration 
approach is necessary.
Klewicki and Falco (1990) utilised a four sensor vorticity probe to assess the effects of 
probe resolution, in terms of both wire length and separation, on measurements of 
turbulence statistics in low Reynolds number turbulent boundary layers. By generating the 
layers, of 1010 < Ree < 4850 , in a 17 metre wind tunnel boundary layers with 8s
approaching 200 mm were able to be studied. It is stated that, given sufficiently large I/d 
ratios, the attenuation of the statistics of the probe's signal can be caused by two major 
effects,
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a) finite wire length effects which tend to average high amplitude small scale 
fluctuations with spatially adjacent low amplitude motions over the length of the 
sensing element and
b) finite wire spacing effects which tend to spatially filter derivative signals at 
wavelengths approximately equal to the wire spacing.
In order to investigate the effects of the wire length the maximum measured value of u'/Ux 
was used. It is stated that, since this quantity decreases with increasing l+ and increases 
with increasing Reynolds number, then detecting this second trend may provide a simple 
measure of the minimum spatial resolution required in order to study Reynolds number 
effects. It should be noted that the data presented, for various experiments, shows a good 
deal of scatter and the first trend, that of u'/Uxmax with l+, does not seem to be an accurate 
representation of the data at low values of l+ . As regards the wire length effects it is 
concluded that imperfect spatial resolution can mask the Reynolds number dependence of 
u'/Uxmax and so the detection of this trend provides an indicator of good probe resolution. 
However, it does seem that the experimental scatter and the method of merely fitting least 
squares regressions to the data perhaps means that the conclusions should be viewed with 
some reservation. It is concluded that, as wire length becomes larger than l+ = 8, the 
Reynolds number dependence of the turbulence can be masked by attenuation. This is in 
contrast to the conclusions of Ligrani and Bradshaw (1987) who stated that it was only 
necessary to have l+ less than 20 viscous units in order that the attenuation is negligible. 
Also, contrary to the conclusions of Johansson and Alfredsson (1983), it is stated that 
Reynolds number effects on u7Uxmax are not negligible. A study of the convergence of the 
turbulence statistics was also presented for four different regions in the boundary layer. It 
was found that distinct zonal and Reynolds number trends were observed for the statistical 
moments. These trends showed that increasing either Ree or decreasing the distance from 
the wall generally increased the time to convergence. These convergence times, in terms of 
the integral time scale are presented though it should be noted that these are for the highest 
Reynolds number boundary layer and so are not directly applicable to the present 
experimental results. These convergence statistics are discussed further in the next section.
Tagawa, Tsuji and Nagano (1992) evaluated the response of a X-wire probe to increasing 
wire separation for wall turbulence measurements. Using simulated Gaussian velocity fields 
the responses of two probe orientations were studied. Only the standard X-wire probe 
design, as used for the present experiments, will be considered here. A two-dimensional 
flow with Gaussian joint probability density functions of u', v' and w' was assumed. The 
wires' sensitivity was taken to be uniform over the entire active length and the effect of 
wire separation was assumed to be related to the spatial correlation coefficient between two 
points. Firstly, the Gaussian velocity signals were generated and input into effective cooling
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The effective cooling velocity of a wire is the sum of the streamwise, binormal and 
tangential cooling velocities. The directional sensitivity coefficient in the binormal 
direction is h and the tangential sensitivity coefficient is k.
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velocity equations together with a given value of U. Using the effective cooling velocities 
values for the velocity statistics were then computed using the basic response equations for a 
X-wire probe. The computed results were then compared to the input signals to estimate the 
measurement errors. It was found that the wire separation had little effect on the 
measurement error associated with U but u2 was underestimated and this error became 
worse with increasing turbulence and/or with decreasing spatial correlation coefficient 
between the two wires. More crucial was the measurement error for v 2 which is much 
more susceptible to the instantaneous velocity gradients between the two wires. The 
measurement of -u v  was practically independent of the spatial correlation coefficient 
between the wires. Simple formulae to estimate the measurement errors were derived and 
appear to agree well with the simulation results. The measurement errors were then 
applied to a fully developed pipe flow for which measurements using a X-wire probe had 
been made. All the results compared well to the estimates from the error analysis. It was 
thought that the wire length effects would be negligible compared to the effects of wire 
separation, as stated by Suzuki and Kasagi (1992). However, prong interference could also 
have been a factor in their conclusions since the probe used had an I/d ratio of only 80. In 
conclusion it is stated that the best configuration for a X-wire probe is one with the wire 
angles set at approximately 45°. In general, the wire spacing should be made as small as 
possible in order to reduce the measurement errors, particularly in v 2, which can be 
excessive even in low intensity turbulence. Simple equations to estimate the measurement 
errors were derived which are readily applicable to turbulence measurements in flows 
where the departure from Gaussian velocity fields is not very large.
Muller (1992) compared the measurements of turbulent quantities using single hot wires, 
X-wire and triple wire probes in the wake of a circular cylinder placed in a boundary layer 
at Ree = 3800. All the probes were accurately calibrated for yaw response and the binormal
directional sensitivity factor, h, was set at 1.0. Hot wire response equations were derived 
which relate the measured signals to the actual velocities and their correlations. X-wire 
measurements of all components of the Reynolds stress tensor were made. Profiles of U 
obtained by single wire and X-wire probes agreed well, though the single wire results were 
thought to be superior in the near-wall region, u2 profiles yielded the same results, for 
both techniques, close to the wall and near the outer edge of the layer while, in the central 
region, the X-wire data were up to 10 % lower. Further downstream the results agreed 
well. It was thought that the X-wire results were more likely to be true since the v 2 values 
were of the same order of magnitude as the u2 values which pointed towards large angular 
fluctuations of the instantaneous velocity vectors, which can only be resolved by the X-wire 
technique. However, the X-wire used was quite large (DANTEC 55P51) compared to the 
flow and this lowering of the u2 values may be due to spatial resolution errors.
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Suzuki and Kasagi (1992) performed an error analysis for single wire, X-wire and V- 
shaped probes using a DNS database of a turbulent channel flow. It was assumed that the 
binormal cooling velocity was negligible so the effective cooling velocity equation consisted 
of only two terms - that for the flow normal to the wire (in the streamwise direction) and 
that due to cooling along the length of the probe. It was also assumed that the temperature 
distribution along the wire was uniform and that all the velocity components were uniform 
over the streamwise distance of the sensor lengths. The simplification inherent in the 
assumption of a uniform temperature distribution results in an overestimation of the sensor 
length since the mean temperature distribution along a wire is distributed as a hyperbolic 
function. A further assumption, as with most of the X-wire probe studies in this section, 
was that both sensors have the same values of k and index n. Taking k = 0.4 (typical for a 
hot film probe), the results from the DNS were compared to those from many different 
experiments. It was found for the simulation that the error in u2 due to the length of the 
single hot wire increased as l+ increased. This agreed well with experimental data. From 
the DNS data it was found that the effect of sensor length was secondary to the effect of sensor 
spacing, and thus it was decided to analyse the response of the X-wire probes ignoring the 
effects of sensor length. It was found that the effect of sensor spacing near the wall was very 
pronounced with w 2 and v 2 being markedly overestimated while u2 was slightly 
underestimated. In fact, if the error in v 2 is to remain < 20 % then no measurements 
should be made nearer to the wall than y+ of 20 - even with a probe with wire spacing of 
only 3 viscous length scales. For the current set of boundary layer measurements no data 
were taken, using X-wire probes, closer to the wall than y+ = 20. Measurements with hot 
films with sensor spacing, s+ = 2.5 were made in a water channel flow, and the 
experimental data agreed well with the DNS results beyond y+ of 25. However, nearer to 
the wall major discrepancies were apparent. The following conclusions were made,
a) The effects of unmeasured velocity components are negligibly small.
b) Sensor spacing, not sensor length, has the dominant effect on errors for 
measurements with X-wire probes. As the sensor spacing is increased errors cause 
w 2 and v 2 to become unacceptably overestimated while u2 is slightly underestimated. 
The analysis shows that these effects are due to the difference between the velocities 
at the two sensors' positions. Towards the wall, the increasing anisotropy of the 
turbulence further amplifies these errors.
c) A correction method is proposed requiring accurate two point correlation 
coefficients to be known.
This work was further extended by Antonia, Zhu and Kim (1993) who analysed the effects of 
probe size on the measurement of lateral velocity derivatives for a DNS of a fully developed 
turbulent channel flow. It was found that reasonable statistics for the flow can be achieved if 
the separation between the two wires of the X-wire probe is in the range of two to four
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Kolmogorov length scales. Again, local isotropy was used as a condition to achieve the 
corrections and, consequently, the method cannot be applied to the current data set.
Eisner, Domagala and Eisner (1993) considered the effects of hot wire length on the 
measurement of the streamwise energy spectrum and the turbulent energy dissipation, as 
measured with a single hot wire. It is stated that, until this paper, analyses of hot wire 
length corrections have been based on the assumption that the directional sensitivity of a 
wire is uniform over its length whereas it is known that the sensitivity along the wire 
length is not uniform due to the cooling effects of the support prongs. Thus, a modified 
correction method is derived. However, the correction methods are based on an isotropic 
homogeneous flow and so are not suitable for application for the current project. 
Experiments were then conducted in grid generated turbulence and it was shown that the 
dissipation calculated from the spectra was in surprisingly good agreement with that 
calculated from the time derivative of the voltage signals which is in contrast to Derksen and 
Azad's conclusion that the spectral dissipation results are consistently 30 % higher.
Eisner and Domagala (1993) extended this analysis to consider the effects of finite wire 
length on values of turbulence intensity and velocity correlations in homogeneous isotropic 
turbulence. It was found that an increase in l+ gave underestimated values of u2 and 
overestimated values of both velocity correlation coefficients. Again, however, the method 
cannot be applied to the current data set for the reasons stated above.
Azad (1993) considered the effects of hot wire length and I/d ratio on the spectral energy of 
turbulence by considering the streamwise spectra at one position in a boundary layer flow 
and three positions in a diffuser flow. It is stated that u' spectra differ little from the 
spectra of the turbulent kinetic energy since both v' and w' spectra are of a much lower 
magnitude. However, for some flows this is clearly not the case, including for the near wake 
flow under investigation. Since u' spectra are more likely to be accurate then v' or w1 
spectra, due to the simplified measurement technique, these were chosen to study the effects 
of the I/d ratio in wall bounded flows. For boundary layer flow the measurement point was 
located at y+ = 109 and for the diffuser flow the measurements were made at y+ = 160, 
169 and 342. These measurements were made with boundary layer type single wire probes 
with 53 < I/d < 445. For the diffuser flow it was noted that the spectral curves indicated 
collapse of the data from the different wires for the low frequencies. However, at high wave 
numbers the highest peak in energy is seen with the probe with I/d = 205. It was thought 
that, for the probes with I/d > 205, spatial averaging caused a reduction in the energy 
observed by the wire due to its inability to resolve the fine scale motions. For wires with 
I/d < 205 it was thought that the indicated lower spectral energy was caused by conduction of 
the wire's heat towards the prongs. It was also found that wires with I/d > 205 showed the
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correct value of the streamwise turbulence intensity, i.e. they showed the same constant 
value, whereas the wires with I/d < 205 indicated reduced values of u2. From the study it 
was concluded that the most appropriate choice for hot wire probes is with I/d = 205, I = 
1.2 mm and d = 5.8 fim.
Park and Wallace (1993) investigated the effects of the instantaneous velocity gradients in 
turbulent flow upon measurements made with multi-sensor probes. A four sensor probe, 
consisting of two X-arrays was used for this study. Concentrating just on the conclusions 
relevant to the use of a X-wire probe it was found, as indicated earlier, that the effects of 
wire separation are considerable with v2, in particular, being badly affected by the 
instantaneous velocity gradient that exists between the two sensor wires. Reynolds shear 
stress measurements were also badly affected by the wire separation. It was found that the 
four sensor probe had major difficulties in measuring vorticity and velocity gradients and 
doubts were expressed as to whether a probe with this geometry was capable of measuring 
these quantities accurately.
Gad-el-Hak and Bandyopadhyay (1994) in their comprehensive paper reviewing low 
Reynolds number effects in wall bounded flows state that, in order to gain accurate 
turbulence levels across a boundary layer the probe length should be no larger than the 
viscous sublayer thickness (approx. I+ = 5). It is also warned that much care must be 
taken when attempting to investigate low Reynolds number effects since a probe suitable for 
measuring in a low Reynolds number flow may give erroneous results at higher Reynolds 
numbers since the scales to be resolved become smaller thus presenting spatial averaging 
problems over the probe length. Data is presented from the papers of Purtell et al. (1981) 
and Erm and Joubert (1991) which investigated low Reynolds number effects and it is stated 
that both experiments were conducted utilising wires of l+ < 5 and, as such, their 
measurements were reliable. However, upon analysis of these papers it was found that this 
was not the case. For Purtell et al.'s data the minimum probe length l+, was equal to 8, not 
0.8 as stated, and for Erin's data the probe length was not l+ < 5 but equal to approximately 
27 for Ree of 700. These errors appear to have originated in Bandyopadhyay's (1991)
paper. In view of this no quantitative conclusions can be drawn from this part of the paper.
Zhu and Antonia (1995) considered the effects of wire separation on X-wire probe 
measurements in a fully developed turbulent channel flow. It is stated that the accuracy of 
X-wire measurements depends, in general, on the following factors,
a) rectification or the insensitivity of hot wires to the direction of the instantaneous
velocity vector
b) the influence of the tangential (along the wire) and binormal velocity components
on the effective cooling velocity for the wires
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c) the probe geometry - wire lengths, wire diameters, separation between the two 
wires and the effective angles of the two wires 
Wyngaard's analysis is first modified to take into account the tangential cooling of the wire 
and the effects of asymmetries of the probe geometry. Correction ratios for the Reynolds 
stresses are then derived using an empirical procedure which allows corrections in flow 
fields which do not satisfy isotropy but are homogeneous in a plane parallel to the wall. 
These results are then compared with DNS, LDA and Particle Image Velocimetry (PIV) 
measurements in the channel flow. It was found that experiments on the centreline of the 
channel flow, where isotropy is approximately satisfied, provided reasonable support for 
the modified analysis. However, the method becomes inadequate in the near-wall region 
where the turbulence is strongly anisotropic but a knowledge of the two point velocity 
correlations allows the Reynolds stresses to be corrected. Measurements in this region, 
with a probe allowing variable separation of the two wires, showed that the effects of wire 
separation and the effective angles, are significant, particularly for measurements of v 2. It 
was found that reasonable results could be obtained when using a wire separation of two to 
three Kolmogorov length scales and this choice was justified by agreements with PIV, LDA 
and DNS data. It is also stated that thermal interference effects are only significant when the 
wire spacing is less than two Kolmogorov length scales. From the presented plots it seems 
that the errors in turbulence measurement due to the wire spacing depend strongly on the 
values of the tangential directional sensitivity coefficient, k.
Probes used for present experiments
It can be seen from the above review that convincing quantitative corrections based on the 
resolution of the various probes used during the experiment are difficult to make. 
Researchers in this field have, in general, either assumed a simplified turbulence field or 
have presented quantitative corrections specific to one type of flow. As stated at the start of 
this section measurement errors fall into five main categories. From the literature it is 
difficult to know how the proposed corrections for one type of error will interact with those 
from the other errors though, to a first approximation, it is expected that the different 
errors would act independently. Though this leads to a rather unsatisfactory position where 
absolute corrections cannot be applied to the data, the design data given by other 
experimenters can at least indicate the trends in the errors, i.e. whether they are additive to 
the measured turbulent quantity or reductive.
In general from the review it can be said that,
• Errors due to rectification of the signal will cause the true values of U to be 
overestimated and u2 , v 2 , w 2 and uv to be underestimated
• Errors due to tangential and binormal cooling of the wire cause the wires to read a 
higher 'effective cooling velocity'
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• As l+ is increased above a certain value (various critical values have been presented
in the literature) spatial averaging of the small scale eddies occurs thus leading to 
underestimation of the turbulent quantities
• As the length to diameter ratio of the wire is reduced increased conduction of heat
from the wire to the prongs causes the turbulent stresses to be underestimated
• As the separation between the two wires of a X-wire probe is increased u2 becomes
slightly underestimated whereas v 2 becomes overestimated to almost one and a half 
times the extent. The effects of wire separation on uv are the subject of controversy. 
Effects of wire separation are further complicated by the impingement of the thermal 
wake of one wire onto the other, for small wire spacings.
Many different single, slant and X-wire probes were utilised during the present study of 
boundary layers and wakes. The probes used for measurements presented or discussed in 
this thesis are described in appendix A5. Also included in this appendix are the dimensions 
of each of the probes, including approximate dimensions in viscous length scales. The 
geometry of each probe was measured using an accurate shadowgraph technique.
For the single wire measurements in the boundary layers the probe SHW was utilised. This 
corresponds very closely to the ideal probe of Azad (1993) but is relatively long being 38 
viscous units. Thus, it seems possible that some spatial averaging may be present in the 
near-wall and near wake measurements. Subminiature single hot wire measurements 
(using probe sub. SHW) were also made in the near wake and agreement between these and 
the measurements using the probe SHW are excellent, up to fourth order moments. 
However, in view of the small I/d ratio of these probes it is possible that an erroneous 
reduction in the measured values of the turbulent quantities may also be present. The 
agreement between the probes remains excellent throughout the wake. The turbulent 
boundary layer measurements of streamwise quantities also agree very well with 
measurements presented by other experimenters - as will be shown in the next chapter. 
This consistency in itself gives some confidence in the near-wall measurements. Throughout 
the following discussion of the measurements and the comparisons with other experiments it 
should be remembered that these probe resolution problems are also present in the other 
data sets.
The X-wire measurements presented for the symmetric wake were, in general, measured 
using the modified probe comp. XW. The I/d ratio for this probe was about 130 which is 
slightly low compared to the conclusions of most authors discussed above. The probe was 
chosen as a compromise necessitated by the small size of the flow and the limiting size for 
the manufacture of such sub-miniature probes. From the analyses presented in the 
literature it seems that the separation of the two wires is of greater importance than the
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length or I/d ratio effects. This is particularly the case for the measurement of v 2 which 
may be severely overpredicted if the separation of the wires exceeds a multiple of the 
Kolmogorov length scale of the flow. Browne et al. (1988) state that the lateral turbulence 
intensity may be overpredicted by 9 % when the separation of the wire is 8 r|. However 
other experimenters have also stated that the separation of the wires should exceed 3 r| in 
order that thermal wake effects are negligible. Taking the experimental data of Browne et al. 
and assuming the measurements of v 2 to be accurate when the separation of the wires is 
equal to 3 ri would mean that the error in the measured value of v' intensity would be only
3.6 % for a separation of 8 t|. The values of the separation in terms of the Kolmogorov 
length scale were determined, for the various probes used, at four positions in the wake. 
These are also included in appendix A5.
Measurements in the near wake were also made with the modified probe using a 2.5 pm wire 
rather than the 5 pm wire used for probe comp. XW. It was found that the measured values 
of v 2 were reduced for the higher I/d ratio probe by about 10 % in the region of highest 
turbulence intensity - this will be discussed later in this thesis. The measured values of uv 
were almost exactly the same for both probes.
When measurements made with probes other than the comp. XW probe are presented in this 
thesis the reasons for confidence in these measurements will be discussed.
It was felt, after the completion of the symmetric wake experiment and following further 
research into probe effects, that the asymmetric wake should be studied using the X-wire 
probe comp. XW 2.5 in conjunction with the same single hot wire used for the study of the 
symmetric wake. This change was thought desirable owing to the relatively low value of I/d 
for the comp. XW probe.
The data presented in this thesis is presented in uncorrected form in view of the lack of 
concordance in the conclusions from the literature. However, the corrections for 
rectification of the signal proposed by Tutu and Chevray (1975) have been applied to the 
'raw' data though the modified data are not presented here. The application of their technique 
and brief analysis of the implications of the corrections for the present data set are 
discussed in appendix A6 and chapter 5.
As stated above traverses throughout the symmetric wake were made with a variety of 
probes with varying lengths, I/d ratios and wire separations. Further analysis of these 
traverses will be required prior to any original conclusions on the effects of probe 
resolution in this demanding flow-field being made.
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In view of the inconsistency in the conclusions from the various papers reviewed above, and 
others, it seems pertinent to propose that a comprehensive experimental study of all the 
factors governing the resolution of single and X-wires should be undertaken. This could have 
the effect of resolving the different conclusions made in the various papers and may also 
enable the re-evaluation of previously published data sets.
3.5 - Data acquisition
3.5.1 - Instrumentation and measurement procedures
The measurement instruments - the hot wire anemometers and the manometers - were 
connected to a Macintosh Quadra 700 computer via an interface box. In the computer two 
separate boards were installed, a National Instruments NB-MIO-16H board for the data 
acquisition and a National Instruments NB-GPIB board for the control of the traverse via the 
traverse control unit. For further details on the traverse unit see Al-Asmi (1992).
The NB-MIO-16H board was operated in differential mode enabling an offset voltage to be 
written to each of the eight possible input channels via one of the board's two 12 bit D/A 
converters. Either 1, 2, 4 or 8 channels can be used, thus occasionally requiring 'dummy' 
channels to be set up in order to attain one of these values. A range of ± 10 Volts could be 
applied to the analogue input channels and gain settings of 1, 2, 4 or 8 could be applied to 
these inputs enabling the optimum use of the board's 12 bit A/D converter.
Pressure measurements
The Pitot probe measurements were made using Pitot tubes of standard design and of external 
diameters between 1.24 and 1.58 mm. Pressure was measured using a Furness FC012 
micromanometer set to a full scale deflection of 20 mmH20. The same type of manometer 
was also used to measure the reference velocity via a standard Pitot-static tube mounted 
670 mm downstream of the contraction exit and 175 mm from the working section 
centreline so as not to disturb the flow over the wake generator. The manometers were 
calibrated against two other, newer, micromanometers that were well within their 
calibration dates as specified by the manufacturers. Periodic checks of this calibration were 
made during the course of the experimentation.
The static pressure for these traverses was obtained from a small static pressure tube 
placed in the free stream at approximately the same streamwise position as the Pitot tube; 
the slight discrepancy in static pressure between the two positions taken as being negligible.
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The manometer measurements were controlled using LABVIEW virtual instruments (v.i.s) 
described later in this section. The signal was sampled in blocks of 100 samples over 
approximately two minutes at a rate of 50 Hz.
Skin friction measurements were made using the Preston tube technique incorporating 
Patel's (1965) calibration. The tubes ranged in outer diameter from 0.90 to 1.58 mm with 
at least two probes being used at any measurement position. The probes were taped to the 
surface of the plate in the required locations and the static pressure measured as for the 
Pitot probe traverses. Clauser charts were also used to determine Ux.
Hot wire anemometry measurements
For the hot wire measurements Prosser Scientific Instruments (PSI) 6110 anemometers 
running in constant temperature (CTA) mode were used, each connected to a PSI 6140 signal 
conditioner operating as a 10 kHz low pass filter. Any frequencies picked up by the probes 
above this frequency level should be due to electronic noise. The rest of this sub-section 
will describe the operating procedure for one wire, the operation of the other wire being 
identical. The anemometer was connected to the probe through the side wall of the tunnel 
working section via a DANTEC 5 metre cable. The output of the signal conditioner was 
connected to the interface box for the data acquisition board and to a HAMEG HM 208 digital 
oscilloscope. The overheat ratio for the particular type of wire was set on the anemometer 
unit and the bridge balanced using DANTEC shorting probes.
The tunnel was then run up to the operating speed before the wire resistance was measured. 
The frequency response of the system was optimised through a standard square wave test, 
first using a 300 Hz square wave to the input of the bridge amplifier. With the bridge 
output displayed on the oscilloscope, the frequency response was optimised by adjusting the 
amplifier bias voltage and balancing the effect of the cables' inductance. A 3 kHz square wave 
was then applied and the response further refined. In general the frequency compensation 
only needs to be adjusted when a new wire is used, in particular if a different type of probe 
is required. This practice was followed throughout the experimentation.
The wire was then left in the flow for at least half an hour in order for its response to 
'settle'. If a new wire was used this time was substantially extended - usually the wire 
would be left on overnight - so that the rate of change of the resistance of the wire, being a 
function of time, could be minimised so calibration drift over the course of the experiment 
could be reduced.
Following this the probe was calibrated against the reference Pitot-static tube connected to 
the manometer. Eight calibration points were taken, using the relevant calibration v.i.,
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varying in velocity from approximately 1 ms-1 to over 11 ms*1, for the tests with a free 
stream velocity of 9.6 ms'1, thus covering the full velocity range of the measurements. A 
straight line was fitted to the data using King's law with the index, n, set to 0.45. Though 
this did not always give quite the best fit it was used throughout. However the best fit was 
always determined.
A reference measurement in the free stream was taken and the probes lined up with the plate 
as described in section 2.3. For the boundary layers, measurements were then taken using 
the v.i.s described later in this section. For all but the earliest traverses third and fourth 
order moments of the fluctuating velocities were evaluated. The probe was traversed in 
varying increments through the boundary layer with the measurement points being 
concentrated towards the wall where the velocity gradients were highest. Usually about 
thirty points were enough to obtain good profiles of all the measured quantities. Once the 
probe had reached the free stream, a new reference measurement was taken and the probe 
recalibrated to assess the calibration drift during the course of the traverse.
The single wire spectral measurements were taken using the same set-up as for the velocity 
profile measurements but with the addition of a low pass KEMO VBF8 dual variable filter 
allowing the signal to be AC coupled, to allow a high gain, and filtered, to prevent aliasing. 
To calculate the sampling parameters necessary for the description of the smallest scales it 
was necessary to estimate a Kolmogorov length scale and a corresponding frequency. These 
were estimated, using the production equals dissipation approximation, to be roughly 0.05 
mm and 5 kHz in the near wake. To make allowances for any approximations in the 
estimation the filter was set to cut off at 8 kHz. Thus, in order to prevent aliasing of the 
signal, it was necessary to sample at 16 kHz. Typically 100 blocks, each of 4096 samples, 
were taken at each measurement location.
The procedures above are for operation of the single wires. For the slant and X-wires a yaw 
calibration, as described in section 3.3, was necessary. This was achieved using a 
protractor mounted on the traverse sting and the wires were calibrated over the range of ± 
15° from the null position.
It was found that positional accuracy for the slant wire traverses could not be guaranteed and 
the measurements obtained by this technique were consequently, extremely scattered. In 
such a small flow the positioning of the wire, particularly in the regions of strong shear, 
would have to be improved for this technique to be accurately used. No slant wire data will 
be presented in this thesis.
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For the X-wire measurements, in order to assess and correct for any changes in the values 
of the probe's effective angles, and \jr2, during the course of the traverses, the angle 
displacement was calculated using a method outlined by Hancock (1980).
3.5.2 - Software
The instruments were controlled using the LABVIEW virtual instrument ("v.i.") software 
package, version 2.2.1, and the programs for the control of the data acquisition and the 
traverse were written by P.E. Hancock, K. Al-Asmi and the author. For the control of the 
traverse the v.i. "TraverseControl" was used.
For each type of measurement, depending on technique and probe, a family of v.i.s was 
utilised. All these v.i.s can be found on the server hard drive "Kolmogorov" in the EnFlo 
laboratory. Brief explanations of those used are included below.
Pressure measurement v.i.s
For the Pitot probe and Pitot-static tube measurements the set-up v.i. sets which channels 
are to be read by the board, the number of the expansion slot in which the board is installed 
and the file name for this information to be sent onto. The v.i. "Mano cal PEH" enables the 
test manometer to be calibrated against another whose performance is known to be accurate. 
The pressure reading from the accurate manometer and the voltage from the test manometer 
are sent to the v.i. "Mano cal fit PEH" which fits a straight line to the values of voltage 
plotted against pressure. The resulting calibration constants are then sent to a data file.
The measurement v.i. reads these calibration constants and, with inputs for the sampling 
parameters, test position, gain and the ambient temperature and pressure, calculates the 
velocity of the flow as measured by the relevant pressure probe. The averaged results are 
then exported in text format by a 'datalog' program thus enabling them to be read by the post 
processing package.
For the Preston tube measurements the measured pressures were logged to the computer 
using the same v.i.s as for the Pitot probe traverses and the wall shear stress was then 
determined, using Patel's calibration, by the v.i. "Turbulent Preston tube" which also 
calculated values of Cf and Ux. The sampling parameters for these measurements were the 
same as for the Pitot tube measurements.
Hot wire anemometry vis
For the hot wire anemometry measurements the v.i.s operate along much the same 
principles for the various types of probes. Since the X-wire software contains the most
71
Chapter 3 - Experimental techniques and instrumentation
detail only these v.i.s and one other will be discussed below. The single and slant wire 
anemometry v.i.s can be thought of as being scaled down versions of the X-wire programs.
The v.i. "Board setup PEH" operates in the same way as for the manometer measurements but 
allows an offset voltage to be written to the differential input of the board, via the interface 
box, in order that the full range of the A/D converter can be used via a high gain setting.
The v.i. "XWcal ABs PEH" reads the board set-up details from the set-up file and recovers 
the voltage outputs of the hot wires for the different calibration speeds. The actual speeds 
are found using the reference Pitot-static tube and these are entered by hand prior to each 
hot wire acquisition. The corresponding voltages and reference velocities are stored using 
front panel logging and act as inputs to the v.i. "XWcal ABs fit PEH" which reads the stored 
calibration data and fits a King's law (see section 3.3) straight line to the data. The value of 
the index n can be varied to obtain the best fit. The values of the calibration constants A, B 
and n are then output to a file.
The v.i. "XWcal ANGLES PEH" operates in the same manner as "XWcal ABs PEH" but, as the 
probe is yawed from the zero position, the angle is entered instead of the reference velocity 
so that voltages for the two wires corresponding to the appropriate yaw angle are measured 
and logged on the front panel of the v.i. These are then read by the v.i. "XWcal ANGLES PEH" 
which also reads in the stored velocity calibration fit data prior to fitting curves according 
to the effective cosine law (see section 3.3) in order to calculate the values of the wires' 
effective angles, ^  and \|/2.
These are then entered by hand into the v.i. "XW MEASURE PEH DEVEL" which is the top level 
measurement program. The required sample rate, number of blocks and number of samples 
per block are calculated and set as required. The King's law calibration constants are read 
from the calibration file and the traverse location and the required gains for the hot wires 
are entered. For the hot wire calibrations 5000 samples were taken at 2 kHz for each 
calibration point and for the measurements 100 blocks of 400 samples at a rate of 16 kHz 
were taken.
In order to measure the 'instantaneous' output voltages from both the wires two channels had 
to be sampled rapidly and alternately; true 'sample and hold' not being available on the NB- 
MIO-16H board. This interval scanning was performed using a time lag, between the scans 
for the two wires, of 25 ps. Voltages corresponding to (U+Vtanxj^) and (U-Vtan\j/2) are 
measured and the required mean velocity and turbulence statistics are calculated and output 
to the screen. As the program loops for the set number of blocks, the on-screen values are 
cumulatively averaged until the final block has been completed. The final averaged values
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are then logged to the front panel of the v.i. prior to the probe being moved and further 
measurements being taken. Once the measurements have been logged on the front panel of the 
above v.i., they are downloaded, as for the manometer program, by a transfer v.i.
One-dimensional spectral measurements were made near the trailing edge of the plate in the 
boundary layer and in the near wake. This was achieved through the use of the spectral 
routine "3 chanSW POWER SPEC/v2 DEVEL". This v.i. computes the harmonic power 
content of the input signals and produces an output of the power spectrum versus the 
frequency. Using a low pass filter, set at half the sampling frequency, and AC coupling the 
input from the hot wires, the DC and AC components were sent to the acquisition board. In 
order to make full use of the 12 bit A/D converter a high gain, set by the filter unit, was 
applied to the AC input and removed from the signal once the A/D conversion had been 
completed.
3.5.3 - Sampling parameters
As stated by Klewicki and Falco (1990) wall-bounded shear flows present perhaps the most 
demanding conditions for obtaining acceptable statistical convergence of the measured 
moments of the velocities.
Time averages converge to a mean value as the averaging time becomes large. The hypothesis 
of ergodicity implies that random variables must become uncorrelated and statistically 
independent at large delays and that an integral time scale exists and is a measure of how long 
is necessary for the correlation to become small. As stated by George (1978) the major two 
questions in random signal processing are,
a) do the time averages converge to the correct value and
b) at what rate do the time averages converge ?
When measurements of turbulent statistics are being made care must be taken to ensure that 
errors in the estimation of the statistics are brought to within acceptable limits. The 
optimum solution would require the worker to average the measured values over an infinite 
time period. Obviously this is impossible. Consequently errors in the averaged statistics 
arise since the averaged values are estimated using a finite number of samples. Using 
statistical analysis and making certain assumptions about the turbulence distribution, the 
errors involved in using a finite number of independent samples can be determined. 
Independent samples are those that are uncorrelated with one another. Shown below is a 
sketch of an autocorrelation coefficient, from Tennekes and Lumley (1972). This indicates 
the extent of the correlation between the values of a quantity u(t) at two different times, t 
and (t + t).
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Ti is known as the integral time scale and varies from flow to flow or even within a flow. It 
can be estimated using the integral length and velocity scales of the flow being studied. For
the shear layer flows under consideration it can be approximated by the expression,
6
Tx- —
Ue
though its true definition is T| = Jp (t ) dx where p(x) is the autocorrelation coefficient itself 
defined as,
, . U ( t ) u ( t + T )
P ( t ) =  -----------= -----------
u2
For the following discussion T| has been estimated using the boundary layer thickness and 
the free stream velocity. A general 'rule of thumb' is that a time of 2 T| between , 
consecutive samples should be enough to give uncorrelated statistics.
The number of independent samples is defined as the lower of either the number of samples 
taken over the course of the run, N, or the total sample time divided by twice the integral 
time scale , N|.
By assuming a Gaussian distribution of the velocity fluctuations the number of independent 
samples required and the approximate errors involved in the estimation of the true average 
values can be determined. Though it is known that turbulence is not a Gaussian process 
Snyder (1981) states that this assumption leads to quite reasonable estimates of the errors 
involved in the use of a finite sample size, except when the signal is extremely intermittent.
Errors in the estimation of mean quantities depend on the number of independent samples 
obtained and an estimate for the standard deviation of this mean value. As stated above the 
sampling used for the hot wire measurements was 100 blocks of 400 samples at a sampling 
rate of 16 kHz. This gives a total sampling time of 2.5 seconds for each point measurement
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though the measurements took approximately one minute for the single wire probes and 
roughly double this for the X-wire probes. Calculating an approximate integral time scale 
for the boundary layers near the trailing edge of the plate gives T| to be approximately
0.9375 ms. For the present flow the number of independent samples can be approximately
calculated as either, _ __ ____________________________ ____________
N = Total no. of samples = 100 x 400 = 40000 or
(lOO x 400)
N| = T/T, =------------ i-------------- 1----------7 = 1333
- 5 (2X.9375 x 0 .001x16000 J
So an approximate number of independent samples, N|, for the present set of measurements 
is 1333 though this figure will be higher owing to the 'block' method of sampling.
Now assuming a Gaussian distribution and requiring 95 % confidence it can be written that,
-  j-------------- !-------- -i2
1.  96 + ^ 2  ( N j - l ) - 1  ( l “ 2e)„ 1 N-r = 1 +  -  
2
where e is the inherent error in the standard deviation. This can be calculated as ± 3.57 %.
The error in the mean can also be calculated as,
A = c
/N-
where a is the standard deviation. Since the maximum error should occur at the point of 
maximum turbulence intensity it can be estimated as being ± 0.69 %.
Klewicki and Falco (1990) present times for convergence of the statistics for low Reynolds 
number boundary layers in the range 1010 < Ree < 4850. For the case where the statistical
convergence is expected to take the longest, in the near-wall region of their highest Reynolds 
number flow, sampling times to guarantee the convergence of the statistics, to within 
certain pre-specified bounds are presented, for up to fourth order moments. These are 
given below,
from Klewicki 
+ Falco (1990)
U to ensure 
± 3 % accuracy
u2 to ensure 
± 3 % accuracy
Su' to ensure 
± 5 % accuracy
Ku' to ensure 
± 5 % accuracy
time required 1000 8/Ue 1000 8/Ue 4000 5/Ue 2500 5/Ue
no. of independent 
samples
500 500 2000 1250
The necessary sampling time can be converted to the number of independent samples 
required using the statistical analysis presented above. This has been done and is presented 
in the bottom row of the above table. It can be seen that, with approximately 1333 
independent samples, as for the present experiment, only the skewness is likely to exhibit 
scatter outside the rather arbitrary limits as set in the above table. However it should be
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noted that all the profiles of mean and turbulent quantities, up to fourth order moments, 
show only minimal degrees of scatter and thus it can be tentatively concluded that the 
averaging times were long enough. As stated earlier the averaging times presented in the 
above table were for measurements in the inner layer of a considerably higher Reynolds 
number boundary layer than the present cases, where the range of eddy scales would be 
much larger and thus the time to gain a true average value much longer.
3.6 - Data analysis
This section describes the methods used to evaluate the flow parameters during the course of 
the experiments. In general these parameters were used either to non-dimensionalise 
distances or velocities and their products. Also included in this section are the methods used 
for calculating V and the streamlines. The terms appearing in the turbulent kinetic energy 
and Reynolds shear stress, uv, transport equations are also discussed.
i) Free stream velocity. Ue
The measured velocities and their products were non-dimensionalised by the free stream 
velocity, Ue. For the hot wire measurements Ue was measured, using the calibrated test 
probe, prior to and following each individual traverse. Due to hot wire drift the value 
measured at the start was slightly different to that determined following the traverse. In 
order to correct for this slight discrepancy a linear interpolation with time was utilised. In 
general, the calibration drift rarely exceeded a 2 % change in the King's law constant, A, 
over any one traverse. Any traverse where the calibration drift exceeded 3 % in A was 
discarded.
ii) Friction velocity and skin friction coefficient
As stated in section 3.2 various methods for the determination of the friction velocity, Ux, 
and the skin friction coefficient, Cf, exist. These are important parameters for the inner 
layer scaling of both the boundary layers and the near wake since, by normalisation with Ux, 
it can be readily determined where this scaling is appropriate. However, they are very 
difficult to determine to a high degree of accuracy and this difficulty is compounded for 
measurements in low Reynolds number flows where certain assumptions about the velocity 
profiles, inherent in many of the methods, are the subject of much conjecture.
Preston tubes were used to determine Ux, and thus Cf, for the boundary layers used to 
generate both wakes as explained in section 3.2. Clauser charts, utilising the values of 0.41 
and 5.2 for the constants k  and C respectively, as suggested by de Brederode and Bradshaw 
(1974), were also used to determine Ux. Disagreements between the two methods, as 
discussed later, were apparent. Since Preston tube measurements were not made for the
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majority of the tripped boundary layers, owing to project time constraints, the data 
presented in this thesis has been normalised using Ux from the Clauser chart method, for the 
sake of consistency.
iii) Boundary laver thickness. 8
The boundary layer thickness, 8, was evaluated at the position at which U reached 99.5 % of 
its free stream value, Ue. A linear interpolation between the points either side of 0.995 Ue 
was used. For the sake of consistency 8 was also determined in the symmetric wake for 
normalising the turbulent kinetic energy and Reynolds shear stress balances. This wake 
thickness will be denoted as 8'.
iv) Displacement thickness. 8*
The displacement thickness, 8*, is defined as,
s
J (l-u /ue)3y
o
and was evaluated using trapezoidal integration. The lower limit, for both the boundary 
layers and wakes, was determined by a linear extrapolation from the two points nearest 
either the plate surface or the wake centreline in order to take account of the distance 
between y = 0.00 mm and the first measurement point.
v) Momentum thickness. 9
The momentum thickness, 0, is defined as,
5 f
J - f 1
and was determined in the same way as 8*.
vi) Centreline velocity defect. Wo 
The centreline velocity defect Wo is defined as the difference between the normalised free 
stream velocity and the normalised mean streamwise velocity at the centreline of the wake, 
Uo. Where no measurement had been made exactly on the wake centreline Uo was evaluated 
by linear extrapolation from the nearest two points to the centreline.
vii) Wake half width, b
For the symmetric wake, b was determined as being the position at which the normalised 
mean streamwise velocity reached 50 % of the difference between the free stream velocity 
and Wo. Linear interpolation between the points either side pf this point was used. For the 
: asymmetric wake the procedure was much the same except the wake deficit was not 
evaluated at the geometric centreline of the plate but instead from the position of the 
minimum value of U. By calculating b for the two sides of the wake, comparisons of the rate 
of growth of both sides could also be made. ,
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viii) Normal mean velocity. V
From the continuity equation V can be evaluated by integrating the gradient 3U/3x with 
respect to y, i.e.
w r 3u ^V = -J— 3y
0
In view of the expected small values of V it was felt that this was a more accurate method of 
determination than the direct measurement of the quantity using a X-wire.
ix) Streamlines
A streamline is defined as a continuous line within a fluid of which the tangent at any point is 
in the direction of the mean velocity at that point (Tritton (1988)). They are a useful tool 
in providing a pictorial representation of a flow. For a two-dimensional flow a function, \|/, 
known as the stream function is defined as,
u = —  and v  = -  —
3x 3y
and along a streamline the stream function is a constant. Consequently, from a mean velocity 
profile, \|f can be calculated and streamlines can thus be drawn.
For the present set of boundary layer and symmetric wake measurements the streamlines 
were determined by the numerical integration of the measured U profiles with respect to y, 
to constant values of y  for each of the traverses at various streamwise locations.
For the asymmetric wake streamlines could not be determined since the lower limit of 
integration requires the y  = 0 position to be known. For the symmetric wake this is 
imposed, by symmetry, along the wake centreline but no such simplifying assumptions can 
be made for the asymmetric wake.
x) Turbulent kinetic energy and Reynolds shear stress balances
The turbulent kinetic energy transport equation for a two-dimensional flow can, with 
relative ease, be derived from the turbulent Navier-Stokes equations and can be written as,
. 3k 3k 3k
0 =  U  V  uv
3t 3x 3y
/ 3u + 3 v >l ( 5 ^ 3 u  1
3y 3x
2 2 
U -  V
3x p
+ viscous diffusion terms
3up 3vp 
3x 3y
3(uk) _ 3(vk) _ 
3x 3y
This equation can be divided into meaningful terms in order that the energy dynamics of the 
turbulence can be studied. The meanings of each term will be explained below. Here k is the 
total turbulent kinetic energy defined by,
k = (u2 + v2 + w 2) / 2
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and similarly,
uk = (u3 + uv2 + uw2) / 2
and
vk = (u2v + v 3 + vw2 ) / 2 
It should be noted that, for a two-dimensional flow, all quantities involving mean spanwise 
velocity, W, and odd powers of the turbulent spanwise velocity, w', - e.g. uw, vw , u2w - 
are equal to zero by symmetry. As a consequence of this the turbulent k.e. equation can be 
written in the above form.
The equation represents the rate of change of turbulent kinetic energy along a mean 
streamline (advection) in terms of the local quantities of turbulent and pressure transport, 
turbulent kinetic energy production and the viscous transport and dissipation of turbulent 
kinetic energy (Bradshaw (1967a)). The individual terms are discussed below,
3k
at
This term represents the unsteady change in total kinetic energy. For a 
steady flow, as for the current experiments, this term is equal to zero.
u —  -  v  —  This term is the advection and represents the kinetic energy of the
3x d y
fluctuations convected by the mean motion.
— f  au av^
- u v  1---
3y 3x
This is the shear production term which represents the work done against the
Reynolds shear stress in order to shear an element of fluid at the relevant 
strain rate. This term links the mean flow to the turbulent fluctuations 
through the Reynolds shear stress.
u2 - v 2 ]— This is the normal production term and represents the extraction of energy
3x
from the mean flow by the turbulence, as the other production term does. 
However, this term is the rate at which work has to be done against the 
particular Reynolds normal stress in order to stretch an element of fluid at 
the strain rate 3U/3x.
3up 3vp This is the pressure transport term and represents the work done against
3x 3y
the turbulence in transporting the fluid through a region of changing 
pressure.
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3 (uk) 3 (vk) 
3x dy
This term is known as turbulent diffusion or the turbulent transport term
and represents the spatial transport of the turbulent kinetic energy by the 
turbulent fluctuations themselves.
8 This is the dissipation rate and describes the rate at which kinetic energy is 
dissipated, due to the viscosity of the fluid, into heat.
A balance of these terms can, with a few simplifications, be constructed from the 
measurements taken thus allowing a clear picture of the dynamics of the turbulence to be 
viewed. The viscous transport or diffusion terms were assumed to be small throughout the 
flow.
The shear stress uv balances were constructed at the same positions as the turbulent kinetic 
energy balances with the exception of the wake centreline where all the terms appearing in 
the uv balances are equal to zero.
The two-dimensional uv budget can be written as follows,
3 t 3x dy dx dy dx dy dx dy 9 x ;
+ viscous terms
3uv This represents the unsteady growth or destruction of the shear stress. For
dt
the current experiment utilising a steady flow this was taken to be zero.
- u 3uv
dx
0uv
-  v —^ T h is  term represents the convection of the shear stress by the mean motion.
dy
— This term is the normal production of shear stress, uv. No shear production
dy
Of uv occurs since the 3U/3x and 3V/3y terms in the general transport 
equations cancel, by continuity.
3u2v 3uv2 
dx dy
This term shows the transport of the shear stress uv by the turbulent
fluctuations and is known as turbulent transport.
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3vp 3up 
3x 3y
This is the pressure transport term.
( 3u 3v 1-----
3y 3x
This is known as the pressure strain term. Though it can't be measured it can
be derived from the balance by difference - as for the viscous dissipation 
term in the turbulent kinetic energy equation. Cebeci and Smith (1974) 
describe this term as the 'tendency to isotropy' or destruction term since it 
describes the redistribution of shear stress towards the statistically probable 
state, i.e. isotropy. Generally, the pressure fluctuations tend to make the 
turbulence more nearly isotropic, increasing the weaker normal stresses at 
the expense of the stronger and reducing the magnitude of the shear stresses.
The viscous terms were taken to be small throughout the flow.
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Chapter 4 - Low Reynolds number turbulent boundary layers
4.1 - Introduction to turbulent boundary layers
The extensive literature on turbulent wall-bounded flows and in particular turbulent boundary 
layers over flat plates has been briefly reviewed in the opening chapter of this thesis.
Although the original contract specified only the study of near wakes formed behind aerofoils, 
great attention had to be paid to the generation of the boundary layers over the plate in order to 
gain concurrence with the simulation boundary layers used as the inlet boundary conditions for 
the wake simulation. It had previously been found by Potamitis and Voke (1992) that the use of 
a crudely simulated boundary layer at the inlet meant that unphysical properties of the 
simulated boundary layer profiles were propagated into the wake simulation thus casting doubt 
on many of their predictions.
In view of the computational costs involved in the simulations, as discussed in section 2.1, the 
boundary layers were limited to low Reynolds numbers. For the proposed wake simulations the 
thicknesses of the layers also had to be in the preferred ratios of 1:1 and approximately 2:1 at a j 
position near the trailing edge of the plate. The layers generated were also required to be typical 
i of low Reynolds number turbulent boundary layers formed via natural transition, but with the
i '
| advantages brought about by the use of a tripping device, as discussed in section 2.5.
From previous studies of low Reynolds number turbulent boundary layers it is evident that the 
establishment of a 'standard' turbulent boundary layer, even for the simplest case of that at zero 
pressure gradient over a flat plate is not straightforward. As stated by many authors and shown 
by Erm and Joubert (1991), the effects of the tripping device utilised to increase the rate of 
transition to turbulence, need to be carefully considered. Various experimenters have produced
empirical trip size criteria, usually based on the trip diameter Reynolds number, U- d-, for the
v
optimum generation of 'fully developed' turbulent boundary layers downstream of the tripping 
device. During the course of the present experiments many different trip settings were used to 
gain the satisfactory generation of the wakes. These different trips and their effects are 
discussed in section 4.2 along with the reasons for the final trip selections for the wakes' 
generation.
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As stated above, the experimental boundary layers were constrained to low Reynolds numbers. 
From the literature review in chapter 1 it can be seen that low Reynolds number turbulent 
boundary layers are themselves the subject of much study and some controversy. Section 4.3 
presents the results of a study of these layers to show that the present boundary layers used for 
the wakes' generation were approximately typical, when compared to other experimenters' 
results, of well-formed low Reynolds number turbulent boundary layers. Also in this section 
the development of the boundary layers immediately downstream of the tripping device will be 
shown and discussed.
Near the end of the flat plate the boundary layers were affected by the low pressure region 
downstream of the trailing edge, as will be discussed further in section 4.4. The effects of the 
resultant acceleration can clearly be seen in figures 4.1 and 4.2 which show the development of 
the symmetric wake generating boundary layers in terms of the thicknesses, 5, 5*, 0 and the 
shape parameter, H, as functions of the distance downstream of the leading edge of the plate.
Though this acceleration was perhaps to be expected at the start of the experiment it is 
interesting to note that; for all the extensive literature on symmetric wake development - as 
reviewed in section 1.3 - this feature of the upstream flow has been largely ignored. Even in 
the limiting case of the theoretical flat plate of zero thickness this upstream acceleration would 
still be present. Since it is standard practice to utilise the upstream boundary layers' integral 
parameters for the scaling of the developing wake this oversight is all the more surprising. 
Consequently section 4.4 is devoted to the study of these trailing edge effects. The implications 
of their being overlooked for the various previous wake studies will be discussed in later 
sections.
As discussed in chapter 2 the flat plate used for the wakes' generation was 300 mm long. All the 
streamwise locations discussed in this chapter are take from the leading edge of the plate. Thus, 
for example, the position x = 298 mm is 2 mm upstream of the plate's trailing edge. The two 
sides of the plate will be denoted as the positive and negative sides throughout. For the 
symmetric wake's generation, the trip set-ups for both sides were identical.
4.2 - Boundary layer tripping
As discussed briefly in sections 2.5 and 4.1 various tripping devices were used during the 
course of the experimental studies. These are discussed below. The integral parameters 
evaluated for all the boundary layer traverses are included in appendix A7.
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4.2.1 - Square trip
A 1.00 mm square trip was used for some preliminary boundary layer hot wire traverses in 
order to provide an approximate comparison of the streamwise mean and turbulent velocity 
profiles, at the slicing plane, between the experiment and the preliminary simulation. The size 
and geometry of this trip were chosen to be geometrically identical to that used in the initial 
boundary layer LES. The tests were necessary as a checking procedure, before running the full 
simulation for the boundary layer, so that expensive computational time was not wasted on a 
simulation that had no chance of accurately predicting the flow. Single hot wire (using probe 
SHW) measurements were made just downstream of the tripping device and all the way back to 
the trailing edge of the plate.
4.2.2 - Wire trips for symmetric wake generation
Once it had become apparent that the simulation was unable to model the behaviour of the flow 
near the trip satisfactorily it was decided that a round wire trip, being cheap, readily available 
and of excellent spanwise height invariance should be used for the generation of the symmetric 
wake. In accordance with Erm and Joubert's (1991) criteria to gain 'correctly stimulated' 
boundary layers the size of this trip was chosen to be d = 1.24 mm giving a Reynolds number, 
based on trip height, of about 800. These wires were glued at a position 50 mm downstream of 
the leading edge on both sides of the plate. This position was chosen as a compromise. Placing 
the trip further upstream would have given a thicker boundary layer and a correspondingly 
higher momentum thickness which, in turn, would have required that the free stream velocity 
be reduced to comply with the simulation constraints. This would have been undesirable for 
reasons of calibration and accurate measurement. Placing the trip much further downstream 
would have given a reduced settling length for the boundary layers thus further complicating the 
flow unnecessarily.
It was thought that the changing of the trip from the 1 mm square trip to the 1.24 mm wire 
trips would not cause any significant difference in either the mean or fluctuating quantities at 
the slicing plane, x = 260 mm. From figures 4.3 and 4.4 it can be seen that, though slight 
differences are apparent in the outer layer the results for the two trips are very similar at this 
station.
4.2.3 - Wire trips for asymmetric wake generation
Following the completion of the symmetric wake experiments it was aimed to set up at least one 
asymmetric wake case in order to study the effects of asymmetry on wake development. In view 
of the thickness of the plate used it was not practical to utilise suction, as initially proposed, to
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control the boundary layer ratios. For the simulation it had been previously decided that the 
required asymmetry could be achieved by utilising another slicing plane, at x = 100 mm, in the 
original boundary layer code to generate the inlet conditions for half of the wake simulation; the 
other half of the inlet conditions being taken from the x = 260 mm position, as for the 
symmetric wake simulation. When attempts were made to match the position of the 
experimental trip to the equivalent of the virtual trip it was found that the required ratio could 
not be attained. It was also found, that by using a boundary layer less than 50 trip diameters 
downstream of the trip position then the layer was clearly not fully developed and was still 
heavily influenced by the effects of the upstream trip. From the boundary layer results for the 
symmetric wake generation, to be presented in section 4.3, it will be seen that the velocity 
profiles at x = 100 mm are still recovering from the effects of the trip. As a consequence of 
this, a compromise was adopted, as will be discussed in chapter 7.
With a view to generating the ‘correctly stimulated’ layers, at low Reynolds number, in the
i required 2:1 thickness ratio, experiments were undertaken using different trips and varying the 
tripping location. Following a couple of preliminary tests it was thought that the boundary 
layer thicknesses at the trailing edge could be predicted, for any trip setting, from the 
previously gathered data. However, it was found, that the boundary layer depended on the 
upstream laminar boundary layer. Further tripping experiments were therefore conducted. In 
the finally selected arrangement a 1.24 mm wire trip placed at x = 150 mm was used to 
generate the smaller boundary layer and a 2.05 mm wire trip placed 10 mm downstream of the 
plate's leading edge was used to generate the larger layer. The required ratio was approximately 
attained with the momentum thickness Reynolds numbers being 430 and 800 for the respective 
boundary layers at x = 280 mm. It was found that generating asymmetric wakes with still 
higher boundary layer ratios, as proposed in the original contract, was simply not possible, 
with the present plate, while keeping the flow to reasonable Reynolds numbers for the 
corresponding simulation and suffering no residual trip effects.
4.2.4 - General tripping results
During the course of the experiments, and in particular the setting up of the asymmetric wake, 
a total of 55 traverses at different positions, for 13 different trip settings were completed. A 
set of four traverses at a higher Reynolds number were also made. These are detailed in the 
table 4.1 below. Integral parameters for each traverse are given in appendix A7.
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trip diameter 
d
trip position 
Xd
free stream speed, 
Ue
measurement positions
X
(mm) (mm) (ms*1) (mm)
1.00 50 9.6 51.1, 55, 60, 70, 80, 
100, 200, 260, 300
1.24 50 9.6 100, 150, 200, 260, 
280, 290, 295, 298, 300
1.24 50 14.4 100, 200, 260, 295
1.24 150 9.6 260, 280, 290, 298
1.24 190 9.6 260, 280, 290, 298
1.24 210 9.6 260, 280, 290, 298
1.47 1 0 9.6 290
1.47 180 9.6 290
1.47 210 9.6 260, 280, 290, 298
1.58 1 0 9.6 290
1.58 230 9.6 260, 280, 290, 298
2.05 1 0 9.6 260, 280, 290, 298
2.65 1 0 9.6 260, 280, 290, 298
2.65 210 9.6 260, 280, 290, 298
Table 4.1 - Summary of traverses with different trip settings
The aim of the majority of these traverses was to give the required boundary layer ratio of 2:1, 
prior to the trailing-edge affected regions. Those traverses affected by the trailing edge will be 
discussed in section 4.4. The boundary layers, on both sides of the plate, were also to be fully 
developed low Reynolds number turbulent boundary layers suffering from no residual trip 
effects. All the above traverses were conducted using the miniature single hot wire probe 
(SHW) and moments of up to fourth order were gathered in virtually all of the cases though 
some of the earliest traverses, in particular those for the square trip, measured only U and u2. 
For the symmetric wake case, boundary layer X-wire measurements were also made at three 
positions upstream of the trailing edge - x = 280, 290 and 298 mm. For the asymmetric wake 
generating boundary layers X-wires were traversed at x = 260 and 298 mm.
Preston tube measurements, using the probes detailed in sub-section 3.5.1, were made to 
determine the skin friction coefficient, Cf, for some trip settings - including all three of the
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final settings used. Measurements were not made for all the settings due to contractual time 
constraints. In view of the paucity of these measurements and for the sake of consistency, the 
following analysis is based on Cf and Ut determined by the Clauser chart method using the 
constants k  = 0.41 and C = 5.2, as proposed by de Brederode and Bradshaw (1974). Figures 
4.5 and 4.6 show comparisons of Cf determined by the two methods for four different boundary 
layers. It can be seen that, upstream of the trailing edge effects which will be discussed in 
section 4.4, the Clauser chart in general predicts Cf to be higher than for the Preston tubes. 
The difference can be up to 6 %. The reason for this discrepancy is not known though other 
authors, for example Westbury (1996), have experienced similar differences when comparing 
the two methods for low Reynolds number studies.
Taking the following generalised experimental arrangement,
Ue laminar boundary layer
  ---------^  thickness at trip, 5d
trip diameter d
L .  i  ► !
I
Generalised schematic of trip set up
Performing a dimensional analysis on the above flow geometry gives us, as shown by Blasius,
8d = f [ Xd, Ue, v ] 
i.e. 8d/xd = f [ H lik  ]
V
For the turbulent boundary layer thickness, 8, we can say,
8 = f [ x, Xd, d, Ue, v ]
i.e. 8/d = f [ x/d, Xd/d, ]
v
which, without loss of generality, can be written as,
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s/d = f [ xd/dl 5 1 *  ]
d  V
Dependence on these three variables for other integral parameters is also to be expected, i.e.
8*/d, 9/d, Cf = f [ xd/d, -H2-1 ]
d  v
Erm and Joubert (1991) presented results for three types of tripping devices - wires, grit and 
pin type stimulators. All the devices were glued to the wall of the wind tunnel at the same 
position, x = 80 mm downstream of the tunnel's contraction exit. For the wire trip the 
diameter was a constant 1.2 mm and consequently the parameter Xd/d was not varied for the data 
set presented in the paper. It does seem, however, that the authors were aware of the 
importance of this parameter since they state that previous 'correct stimulation' criteria are 
based on boundary layer studies over flat plates and not those on the walls of tunnels where 
there is a long development of the boundary layer upstream of the tripping device.
It does seem that the dependence on Xd/d is a reasonable hypothesis since the interaction of the 
upstream boundary layer with the trip should be expected to depend on their relative sizes. The 
large eddies are most affected by the trip device, as stated by Coles (1962), because these are 
the slowest to adjust, and the excess energy caused by the trip can only be dissipated by the 
relatively slow process of the energy cascade.
Figure 4.7 shows the development of the turbulent boundary layer thickness, 8, with distance 
downstream from the trip position, (x-xd), both quantities being normalised by the trip 
diameter, for four different placements of the 1.24 mm wire trip. The free stream velocity is 
also set at a nominally constant value of Ue = 9.6 ms-1. Although there would ideally be more 
points it can be seen that the developments of the layers downstream of the different trip 
positions show marked differences of their development curves. Since the non-dimensional
group has been kept constant the differences indicated in the figure are due to differences 
v
in the group Xd/d. In fact a clear trend is indicated which shows an increase in the turbulent 
boundary layer thickness, at constant normalised distance downstream of the trip, with 
decreasing relative laminar boundary layer thickness at the trip position. The same trends can 
also be seen in the plots for the development of 8*/d and 0/d presented as figures 4.8 and 4.9 
though the dependence on the group Xd/d is not quite as clear for these quantities. Figures 4.10, 
4.11 and 4.12 present the variations of the shape parameter, H, the skin friction coefficient, 
Cf, and the wake strength AU/Ux for the same trip settings and measurement locations. Again 
the trends with the variation of the parameter Xd/d can be clearly seen. As Xd/d is increased H
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increases, Cf decreases and the wake strength increases for the same non-dimensional distance 
downstream of the trip position. Thus, for the boundary layer to become 'correctly stimulated' 
and fully developed, free of residual trip effects, then the larger 8d, relative to d, at the trip 
position then the longer it will take for the trip effects to diminish and the more distance should 
be allowed before regarding a location as providing a standard turbulent boundary layer.
Figure 4.13 shows the present results compared with the Cf values measured by Erm and
Joubert and used to show the effects of the parameter 0n the 'correct stimulation' of their
v
boundary layers. Also included on this plot is the present experiment's higher Reynolds number 
case performed with the 1.24 mm trip positioned at 50 mm but with a free stream velocity of
14.4 ms-1. It can be seen that the present results indicate the same trend with increasing trip 
Reynolds number as Erm and Joubert's results. If the stimulation of the boundary layer was
( X  ““ X  )independent of x<j/d then the variation of Cf with — should be, at the same free stream
velocity, identical for the two experiments. However it can be seen that the data from the 
present experiments, for both the values of Ue shown, do not fall within the expected lines of 
Erm and Joubert. Using their criterion the results for the 9.6 ms-1 case should fall between the 
smoothed curves for free stream velocities of 9 and 10 ms*1. Thus it can be seen that, in order 
to develop the full picture for selecting the correct trip the dependence on the trip position must 
also be considered and each trip position will have its own family of Cf variation curves similar 
to those presented, for only the one trip position, in Erm and Joubert's paper.
Figure 4.14 compares data from the present measurements at constant trip positions but with 
varying trip diameters for two trip positions; x = 10 and 210 mm. Though, for full 
conclusions to be drawn, more data would be required from measurements both nearer the trips 
and further downstream, obviously on a longer plate, a tentative picture of the dependence on 
the trip diameter can be presented. It can be seen that there appears to exist an initial 
adjustment region, indicated by a relatively dramatic decrease in the boundary layer thickness 
just downstream of the trip position. These initially high values of 8 are presumably due to the 
trip displacing the flow and producing streamline curvature in its proximity. With decreasing 
trip diameter this effect becomes less pronounced, as would be expected intuitively.
( X  M  X  )Included on figures 4.10 and 4.11 are the variation of H and Cf with  ------ — for the 1.24 mm
d
trip at x = 50 mm trip setting but with the free stream velocity being varied from 9.6 to 14.4 
ms'1. It can be seen that both the skin friction and shape factor values decrease with increasing
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Reynolds number, based on the diameter of the trip. The Cf variation agrees qualitatively well 
with the data presented by Erm and Joubert though, as discussed earlier, the actual values are 
considerably different owing to the differences in the group Xd/d.
Figures 4.15 to 4.23 show the variation of the parameters 5, 8*, 0, Cf, H and AU/Ux normalised
by both d and (x-xd), where possible, with  for all the trip settings studied during the
d
present experimental programme. It can be seen from these figures that the development of the
three thicknesses: 8, 8*, 0, can be well approximated by the respective power law fits,
8/(x-xd) = 1.14 x [ (x-xd) /d ]" ° -65
0/(x-xd) = 0.11 x [(x-xd)/d] ‘ 0 -65
S*/(x-xd) = 0.22 x [ (x-xd) /d ] - ° -70
This, on its own presents a relatively straight forward method of setting up the required 
boundary layer flow. Certainly if these fits were known at the start of the present work a lot of 
time and effort would have been saved. However, it should be noted that these fits, in isolation, 
do not guarantee that the boundary layers will be in any way 'fully developed1 since they do not 
include the dependence on the parameter Xd/d.
The variations of Cf, H and AU/Ux with Ree, for all the trip settings, are included in figures 
4.24 to 4.26.
The majority of the statistics of the turbulence will not be presented here but are available 
from the author and will, hopefully, be presented elsewhere when further analysis has been 
completed. Further thought on the somewhat subtle behaviour of tripping devices will be
required prior to the further publishing of these results.
4.3 - Final boundary layers upstream of trailing edge effects
As explained earlier the aim of the boundary layer study was to produce the wakes from 
properly developed turbulent boundary layers of prescribed parameters. A prerequisite of this 
is to determine what is actually meant by this term and how the layers' satisfactory existence
can be determined. Various methods for making this judgement have been used in the past.
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However, the majority of previous experimental studies have compared the variation of the 
wake component, AU/Ux, with Ree against Coles' empirical curve (1962), produced after his
study of the vast majority of the available experimental data on turbulent boundary layers. 
Though this parameter is not the easiest to determine and differences between the empirical 
curve presented and recent experimental data have been reported, this method of verification 
should give a reasonably accurate picture of the relaxation of the layer following the trip. The 
variation of this quantity will be used in conjunction with the variations of Cf and H in order to 
assess the state of the developing boundary layers.
For the following discussion, and the relevant figures, the wake generating boundary layers will 
be denoted by;
BL1 - 1.24 mm trip positioned at x = 50 mm
BL2 - 1.24 mm trip positioned at x = 150 mm
BL3 - 2.05 mm trip positioned at x = 10 mm
The first boundary layer applies to the generation of the symmetric wake and the others to the
asymmetric wake.
Figures 4.27 and 4.28 (detail of 4.27) show the variation of AU/Ux plotted against Ree, for the 
boundary layers used for the wakes' generation. Included on these plots are Coles' empirical 
curve and data from other experimental investigations. It can be seen that the wake strengths 
for BL1 and BL2 agree well with an extrapolation to lower Reynolds numbers of Erm and 
Joubert's data, ignoring their last point. For these two cases, the values also fall close to Coles' 
curve though slightly higher values of AU/Ux are indicated for the present data. This is 
consistent with the data of Purtell et al. and Erm and Joubert which also show that the wake 
strength in the outer layer does not disappear at Ree of 450 as proposed by Coles.
However the data for BL3 appears to be indicative of some under stimulation of the boundary 
layer. It should be noted that, though the discrepancy between BL3 and the other boundary 
layers seems to be large, the scale of the plot is very fine when compared to those produced in 
other experimenters' reports where, in general, the Reynolds number range of the experiments 
is much larger than for the present case.
Figures 4.29 and 4.30 show the variation of Cf and H with Ree for all three boundary layers 
used for the wakes' generation as well as other experimenters' data. The present data compare 
favourably with data previously published though the results for BL3 do seem to have slightly 
higher Cf values and slightly lower values of the shape parameter, H.
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Figures 4.31 to 4.34 show U/Ue and u2/Ue2 for the layers on both sides of the plate at x = 260 
and 298 mm. It can be seen that the results agree excellently indicating that a truly symmetric 
wake will develop, from the trailing edge.
To conclude this introduction, it has been shown that low Reynolds number turbulent boundary 
layers have been set up that are suitable for the proposed studies of the symmetric and 2:1 
asymmetric wake cases. From consideration of the strength of the wake component, AU/Ux, it 
has been found that the boundary layers used for the symmetric wake generation are free of 
residual trip effects near the trailing edge of the flat plate. For the asymmetric wake case it can 
be seen that the smaller boundary layer shows no noticeable effects of the tripping device near 
the trailing edge, however the larger layer appears to be slightly under stimulated. 
Nevertheless it is thought that this under stimulation, while clearly producing a less than ideal 
boundary layer, will not significantly affect the development of the wake until far downstream.
The integral parameters for the three boundary layers used for the wakes' generation are shown 
in the tables below.
X side of 
plate
5 0 8* H Ree Ux AU/Ux
(mm) (mm) (mm) (mm) (ms_1)
100 +ve 7.09 0.55 0.85 1.54 340 0.528 0.17
150 +ve 7.00 0.60 0.91 1.50 375 0.524 0.08
200 . +ve 8.37 0.77 1.16 1.51 485 0.500 0.44
260 +ve 8.78 0.87 1.31 1.50 532 0.484 0.65
260 -ve 8.59 0.87 1.31 1.52 544 0.484 0.97
280 +ve 9.08 0.89 1.33 1.50 537 0.480 0.65
290 +ve 8.97 0.90 1.35 1.50 539 0.479 0.73
295 +ve 8.79 0.86 1.28 1.49 541 0.498 0.38
298 +ve 9.27 0.85 1.25 1.47 516 0.494 0.40
298 -ve 8.79 0.85 1.26 1.48 520 0.500 0.32
300 +ve 8.89 0.84 1.22 1.45 522 0.512 0.12
Table 4.2 - Flow parameters for boundary layer 1
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X side of 
plate
8 0 8* H Ree Ux AU/Ux
( m m ) ( m m ) ( m m ) ( m m ) (ms-1)
260 +ve 6.45 0.63 0.98 1.55 406 0.517 0.31
280 +ve 7.29 0.68 1.03 1.52 433 0.512 0.30
290 +ve 7.32 0.69 1.05 1.52 440 0.514 0.14
298 +ve 7.44 0.66 0.99 1.50 423 0.535 -0 .3 2
Table 4.3 - Flow parameters for boundary layer 2
X side of 
plate
8 0 8* H Re0 Ux AU/Ux
(mm) (mm) (mm) (mm) (m s‘1)
260 -ve 15.00 1.30 1.84 1.42 801 0.477 0.22
280 -ve 13.55 1.30 1.85 1.42 800 0.477 0.23
290 -ve 13.52 1.27 1.80 1.42 780 0.479 0.14
298 -ve 14.44 1.22 1.60 1.31 760 0.494 0.01
Table 4.4 - Flow parameters for boundary layer 3
4.3.1 - Mean velocity profiles
As shown on figures 4.35 and 4.36, at x = 260 mm for BL1 the logarithmic layer commences at 
about y+ = 30 and continues until a y/8 of about 0.3. This concurs with the view of Erm and 
Joubert (1991) that the extent of the logarithmic region diminishes with increasing Reynolds 
number since other higher Reynolds number data show the outward extent of the logarithmic 
region to extend to only y/8 = 0.2. This is a point of much controversy in the literature. 
Purtell et al. (1981) state that the extent of the log. law region is approximately constant with 
Reynolds number and Gad-el-Hak and Bandyopadhyay (1994) state that the outer extent is at a 
constant y/8 of 0.2 and is independent of Reynolds number. However Castro (1984) and 
Westbury (1996) also agree with the present results and show the outer extent to be strongly 
Reynolds number dependent. Some dependence is not surprising since it is well known that the 
outer layer itself is Reynolds number dependent.
The development of the mean profiles for BL2 and BL3, used for the generation of the 
asymmetric wake and shown in figures 4.37 to 4.40, exhibit much the same trends as those 
shown by BL1 though only measurements near the trailing edge were made. Included on these 
plots are the profiles at x = 298 mm which are thought to be affected by the proximity to the
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trailing edge. These effects will be discussed in section 4.4. The lowest Reynolds number, for 
these three layers, for which a well defined logarithmic region and satisfactory agreement with 
the expected variation of AU/Ux, were apparent was 405. (A logarithmic region was found for 
Reynolds numbers as low as 250 during the course of the square trip experiments but these 
profiles were still affected in the outer layer by residual trip effects). The data for BL3 again 
appear to exhibit under stimulation of the profile thus giving a weaker wake region than would 
be expected for a layer at this Reynolds number.
Figure 4.41 presents comparisons of the mean velocity profiles for these boundary layers with 
other low Reynolds number experimental data. In accordance with the present set of results the 
data has, where possible, been shifted to agree with the viscous sublayer law in the range 6 < y+ 
< 8. This shifting could not be achieved for the data sets of Murlis, Erm and Smits et al. owing to 
their first measurement points being outside this region. It can be seen that all the profiles 
show approximate agreement with the standard logarithmic law, plotted here using the 
'constants' k  = 0.41 and C = 5.2, with the possible exception of Smits et al.'s data (1983). The 
authors concluded that the logarithmic region was exhibited for all their boundary layer 
traverses. This data has been read off 'photocopied up' plots from the original paper and this is 
a possible cause of inaccuracy. Pitot tubes were used to gather this data and it is also possible 
that strong turbulence effects on the probe, in the inner region, could be responsible for 
inaccuracies in the measurements.
Purtell et al.'s data appears to show limited agreement with the logarithmic law shown on the 
plot. This is partially due to their use of C = 5.0 in the logarithmic law, rather than 5.2, for 
the determination of Ux. Their presented data does seem to indicate some variation of k  with Ree
though the authors conclude the opposite. Antonia et al.'s data seems to show a logarithmic 
region which falls slightly above the standard logarithmic law line. It is possible that this 
slight disagreement is due to the calibration problems caused by the low value of the free stream 
velocity used in their experiment. Suffice it to say, the values measured for determination of 
Ux would be very low and measurement inaccuracies may have been significant.
4.3.2 - Reynolds stresses
The measurements of u2 up to x = 290 mm are presented in figures 4.42 and 4.43 for one of 
the symmetric wake generating boundary layers. The development is shown from 50 mm 
downstream of the trip to 10 mm upstream of the trailing edge. It can be seen that, following 
the trip, from x = 100 mm, excess turbulent energy is fed outwards to the outer layer while 
the inner layer exhibits a deficiency of energy, when compared to the fully developed profiles at
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the positions x = 260 mm and downstream. Included on these plots are the values measured by 
Erm (1988) at a slightly higher Reynolds number of 700. It can be seen that the profiles show 
good qualitative agreement though differences, probably due to the change in Reynolds number, 
are apparent in the outer region.
The u2 profiles for the other two boundary layers, presented in figures 4.44 to 4.47, exhibit 
similar trends, though the state of their development is necessarily different at the same 
streamwise locations, due to the differences in the trip size and positions. Included on these 
plots, for the purposes for brevity, are the results for which trailing edge effects are thought to 
be important. These figures will be referred back to in the following section.
Figure 4.48 compares the u2 profiles for the three boundary layers with experimental data 
from other studies. The current profiles indicate a growth in the peak of u2/U x2 with Reynolds 
number though the peak value for BL3 may be affected somewhat by its apparent under 
stimulation. It has recently been proposed by Mochizuki and Nieuwstadt (1995) that the peak 
value is approximately Reynolds number independent, within the bounds of statistical 
uncertainty. Their curves, produced through reviewing a large amount of experiments, do 
appear to show a slight rise in the peak value with Reynolds number and the present peak values 
fall very close to the values proposed in the paper as being typical of low Reynolds number 
turbulent boundary layers.
It can be seen that all the data, with the exception of that of Antonia et al., approximately follows 
the expected, Reynolds number dependent, trends. In the outer region of the layer the familiar 
'knee' in the profile can be seen and grows with increasing Reynolds number, as suggested by 
Andreopoulos et al. (1984), Wei and Willmarth (1989) and Ching et al. (1995). Antonia et 
al.'s data is at odds with the other data sets though does show good qualitative agreement. For 
this data set, the measurements were taken using a X-wire probe of indeterminate size and it is 
possible that the probe used was too large for the flow which would result in an underestimation 
of u2 . However, it is stated that the measurements of u2 with the X-wire probe agreed with 
those from the single wire probe, to within 5%. As stated earlier a very low free stream 
velocity, which would make accurate calibration difficult, was used to obtain this profile and it 
is possible that this is the cause of the discrepancy.
Due to the size of the present probe and probe holder no X-wire measurements were attempted 
upstream of x = 260 mm. Consequently the plots for BL1 of the quantities measured with X- 
wires are presented, for the purposes of brevity, along with those profiles for which trailing
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edge effects were apparent. For BL2 and BL3, only two traverses, at x = 260 and 298 mm, 
were made for each probe orientation. The profiles at x = 260 mm will be compared to other 
experimental data in this chapter and the trailing edge affected profiles will be discussed in 
chapter 6.
It can be seen from figures 4.49 to 4.54 that, for BL1, the plots of uv, v 2 and w 2 variations 
change little between x = 280 and 290 mm, as would be expected for the small Reynolds number 
difference between the two positions.
Comparisons between the measured uv/U x2 profiles and those of previous experiments are 
shown in figure 4.55. It can be seen that the profiles, for the present three boundary layers, 
are not consistent and any conclusions on Reynolds number dependency based on these 
measurements can at best be tentatively put forward. The reason for this inconsistency can be 
traced back, in the main, to the use of two different X-wire probes for these measurements. The 
values for BL1 were measured using a modified X-wire with a 5 pm diameter wire (shown as 
comp. XW in appendix A5) whereas the measurements in the other two layers were conducted 
using a 2.5 pm diameter wire fixed to the same probe (comp. XW 2.5) giving a change in the I/d 
ratio of the probe from 130 to 260. The exact probe dimensions are given in appendix A5. 
Conclusions as to the behaviour of the profiles with varying Reynolds number, based on just 
BL2 and BL3 - measured with the same probe - again are difficult to make owing to the latter's 
profiles being affected by under stimulation.
In none of the profiles does uv reach Ux2 which the peak should if viscous effects are negligible 
in this region. The fact that, in the region of peak uv, the logarithmic law appears to hold is 
inconsistent with uv < Ux2. However it does not necessarily follow that the mean flow profile 
would be affected by the low Reynolds number to the same extent as the shear stress profiles. 
Probe size effects are a possible cause of the under estimation although the seeming Reynolds 
number dependence of the quantity, as measured by the various experimenters using different 
sized probes, would seem to belie this theory.
It seems plausible, in view of the increased influence of viscosity in the low Reynolds number 
range under discussion here, that the argument that the viscous contribution, p3U/5y, to the 
shear stress is negligible throughout the logarithmic region is a weak one and Reynolds number 
effects can be seen, certainly in the near-wall profiles of the turbulent quantities though the 
effects are not apparent in the near-wall mean velocity profiles. Antonia et al.'s data appears to
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come close to the asymptotic value of -1.0 though it seems surprising that such a small increase 
in Reynolds number should have such a large difference.
It can be seen from the plot of v 2/ U t 2 against y+ , presented in figure 4.56, that the values 
presented by Erm (1988) are in quite close agreement with the values for the BL1 
measurements. In the outer layer differences, as expected due to the change in Reynolds 
number, are shown however differences can still be seen in the inner layer. Using the 
assumption that the active, universal, motion is Reynolds number independent should mean that 
in the inner layer, scaling on wall variables, as for the plot of uv, should result in collapse of 
the data from different Reynolds number experiments. It can be seen that the data, from Erm's 
investigation is coming closer to the current results for BL1 as the wall is approached. Note 
that Erm used a X-wire probe with an I/d ratio of 160 - much closer to the I/d ratio of the X- 
wire probe used for the BL1 measurements than the probe with the 2.5 pm diameter wire used 
for the other two layers. From the data of den Toonder and Nieuwstadt (1996), for a turbulent 
pipe flow , it has been shown that collapse of the v 2 profiles should occur in the region nearer 
to the wall than it was possible to position the probe for the present experiments. The 
measurements of Murlis, for his lowest Reynolds number boundary layer, seem to show far 
greater difference from Erm's data than would be warranted by the slight difference in the 
Reynolds number between the two flows. As discussed in section 3.4, the measurement of v 2 is 
particularly prone to probe resolution error, especially that due to the separation between the 
two wires. Murlis' X-wire probes were larger than for the other two experiments, in both 
length and separation, and it is thought that his measurements, particularly of v 2 , were 
considerably influenced by the probe geometry.
Prior to the current experiments, it seems that only Erm (1988) has measured the spanwise 
rms turbulent fluctuations in a low Reynolds number turbulent boundary layer. These results 
are compared in figure 4.57 and it can be seen that the values measured seem to show the 
expected trends with increasing Reynolds number - despite the difference in I/d ratios. It 
seems puzzling that the w 2 profiles show these trends whereas a similar trend in v 2 is less 
clear.
4.3.3 - Third order moments
The third order moments and the skewness factors, being odd moments of the fluctuations, retain 
the sign information and consequently can give valuable information relating to the coherent 
structures in the flow. For instance a positive instantaneous u' combined with a negative v' is
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associated with sweep events, whereas the opposite combination can be attributed to ejection 
events. This is indicated in the quadrant scheme diagram shown below,
ejection
2
A
> u '
4 
sweep
from Robinson (1991)
The third order moment terms represent the directional contributions to the turbulent 
transport tensor appearing in the Reynolds stress transport equations, as discussed in more 
detail later in this chapter.
The measurements of u3 and the skewness of the streamwise fluctuations, Su', were all 
evaluated using the same single hot wire probe - shown as SHW in the probe summary appendix 
A5.
The development of the u3 profiles, downstream of the trips, for the three boundary layers, are 
shown in figures 4.58 to 4.63. It can be seen that a region of high positive u3 near the wall is 
apparent for all the profiles. This is followed by a crossing of the zero line just inside the 
buffer region of the layers and a minimum value positioned at the approximate start of the 
logarithmic region, y+ = 30. The magnitude then reduces until it becomes essentially zero in 
the free stream. This decrease in magnitude is however not monotonic but, generally, shows a 
region of approximately zero gradient commencing at the position of the outer edge of the 
logarithmic region. Sometimes this region exhibits a reversal in the gradient, e.g. figure 4.61. 
These phenomena will be discussed in further detail in the ensuing sections. The profile at x = 
100 mm for BL1 is clearly still suffering from residual trip effects.
The uv2 profiles for BL1 are presented in figures 4.64 and 4.65. It should be noted that the 
curves are qualitatively very similar to those for the quantity u3 , at least for y+ > 30. 
However the uw2 profiles, shown in figures 4.66 and 4.67, appear to exhibit some differences 
to the other profiles in the inner layer where no large negative values of the quantity can be 
seen. Instead uw2 becomes positive, for x = 298 mm, without showing this trough in the 
profile. Erm and Joubert (1991) do not present plots of uw2 and Erm (1993) did not provide
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measurements of this quantity though other third order products were measured and provided. 
Hancock (1980) did measure this quantity for a low Reynolds number boundary layer and 
produced plots showing similar trends to the present data set. While it is possible that the 
crossing could be a probe effect this is thought unlikely since the u3 profiles measured by the 
single hot wire and the X-wire, in the two orientations, agree very well in both magnitude and 
trend.
Measurements of the third order products vw 2 and v 2w and the shear stress vw were not made 
during the course of the experiments. It was thought, since the flow was two-dimensional that 
the quantities W, uw, vw, u2w, v 2w and w 3 should be equal to zero since the flow should show 
no directional preference in the spanwise direction, since no shear was applied across this 
plane. These quantities, where measured, were found to be small when compared to the other 
third order moments.
Profiles of the quantities u2v  and v 3 are presented, for BL1, in figures 4.68 to 4.71 for two 
locations upstream of the trailing edge effects. These quantities represent components of the 
composite vk term defined similarly to uk and discussed in section 3.6. It can be seen that, 
within the range of measurements taken, these quantities remain positive and seem to peak at 
the start of the logarithmic region in the mean velocity profile. A point of inflection, or 
perhaps slight reversal, occurs near the outer extent of the logarithmic region - as found for 
the other triple products discussed above.
The u3 profiles, at x = 260 mm for BL1 (Ree = 550) and x = 290 mm for BL2 (Re© = 440) 
and BL3 (Ree = 780) are compared against other experimental data in figure 4.72. The 
measurements of the other triple products, all at x = 290 mm, are compared against other 
experimental data in figures 4.73 to 4.75.
Erm and Joubert (1991) also measured the triple products at varying Reynolds numbers. They 
did note the zero crossing of the u3 profiles but experienced the same probe size limitations as 
for the current experiments when attempting to examine the near-wall behaviour of the 
products to be measured with the X-wire probe. It can be seen from the comparisons that their 
measurements broadly agree with the present data set for all but the u2v  profiles. The 
differences in u2v  are puzzling and no explanation for the discrepancies has been found. It is 
possible they are physical and due to the differences in Reynolds number between the present 
measurements at Ree of 540 and their set at Ree = 700 for which the X-wire probes used were
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similar in size. Unfortunately, as mentioned above, the change in wire diameter between the 
BL1 measurements and the others, in addition to the under stimulation of the third layer, makes 
further conclusions very difficult. The development of the streamwise skewness factor, Su', for 
the three boundary layers is shown in figures 4.76 to 4.78.
Mochizuki and Nieuwstadt (1995) state that the streamwise skewness factor, Su', exhibits a 
zero crossing point at the same location as the peak value in u2 over the range 730 < Ree < 
6500 for fully developed turbulent boundary layers. Examining the present data set it can be 
seen that the peak value in u2 occurs at an approximately constant value of y+ = 12 for all 
three boundary layers. It can be seen from the presented Su' data that, with the exception of the 
x = 100 mm traverse for BL1, where the layer is certainly not fully developed, this zero 
crossing point does indeed occur at y+ = 12. Mochizuki and Nieuwstadt state that this 
correspondence is consistent with the view that the near-wall fluctuations are in equilibrium 
with the wall shear stress despite the existence of 'inactive' motions. However to arrive at this 
conclusion the viscous terms in the third order transport equations are assumed to be negligible 
though this position is very close to the viscous dominated region of the layer.
As stated by Gad-el-Hak and Bandyopadhyay (1994) when reviewing the data of Andreopoulos et 
al. (1984) the high positive values of Su' near to the wall indicate the skewed nature of the 
acceleration-dominated velocity fluctuations there. As a result of sweep events large positive 
values of u' occur more frequently then large negative values in this region. In the outer layer 
Su' is negative consistent with the arrival of low speed fluid being ejected from the wall region. 
The data of Andreopoulos et al. (1983, 1984) disagree with Mochizuki and Nieuwstadt's 
conclusion that the Su' zero crossing point occurs at the same point as the maximum in u2 . 
However, a single probe was used to cover the Reynolds number range 3624 < Ree < 15406 for
Andreopoulos's results. Johansson and Alfredsson (1983) noted that, as l+ increases for a hot 
film probe, the zero crossing point of the skewness factor is shifted away from the wall. Since 
l+ increases with Reynolds number then it seems likely that the shifting of the zero crossing 
point shown by Andreopoulos et al. is due to the change in l+ caused by increasing Ree. This
would cause averaging of the fluctuations across the hot wire probe as discussed in section 3.4. 
For their probe l+ increased from 20 to 82.5 over the entire Reynolds number range.
In view of the difficulty in measurement of Ut near the trailing edge of the plate - see section
4.4 for further discussion on this point - the skewness factors, Su' and Sv', are plotted against 
y/5 rather than against wall units. Sv' for BL1 is shown in figure 4.79. The high values seen
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in the outer region, for these plots and those for Su' are consistent with the intermittency of the 
flow in this region.
The streamwise and normal to the plate skewness factors, Su' and Sv', are compared with those 
of other experimenters in figures 4.80 and 4.81. The Su' profiles show the previously 
established Reynolds number dependence in the outer region but all the profiles collapse in the 
inner region, when scaled on inner layer parameters, thus giving further support for the 
hypothesis of Mochizuki and Nieuwstadt (1995) discussed above. The profiles of Sv' are quite 
scattered and this makes it difficult to put forward any conclusions based on these profiles. It 
should be remembered that different X-wire probes were used for the evaluation of this 
quantity, for the different boundary layers, and this again makes meaningful discussion of the 
results difficult.
Figures 4.82 to 4.84 present the local turbulent intensities in the three orthogonal directions 
for BL1. It can be seen that the streamwise intensity reaches high values up to over 30 % in 
the inner region. In accordance with the corrections for rectification of the signal, as put 
forward by Tutu and Chevray (1975) these quantities were corrected. It was found that for the 
single hot wire measurements the maximum corrections were 0.65 % for U and 1.2 % for u2 . 
No corrections for higher order moments could be applied owing to the corrections assuming a 
Gaussian distribution of turbulence which would give zero values of the skewness throughout the 
flow. This is clearly not the case as can be seen from the presented plots. The X-wire 
measurements are affected by rectification to a much greater extent than the single wire 
measurements. These too were corrected and it was found that the maximum corrections 
necessary were -6 % in uv, -4.8 % in v 2 and -4 % in w 2 . It should be remembered that the 
X-wire measurements do not extend wallwards to the extent of the single wire measurements 
owing to the relative size of the probes. The application of these corrections is discussed in 
further detail in appendix A6.
4.3.4 - Reynolds stress transport equation balances
Balances of the turbulent kinetic energy and Reynolds shear stress, uv, transport equations 
were evaluated at two positions for the symmetric wake generating boundary layer on one side of 
the plate. These positions were chosen to be at x = 280 and 298 mm. The first of these 
positions showed a boundary layer free of residual trip effects but still unaffected by the 
trailing edge and enabled comparison with other experimenters' and simulators' balances. The 
second position, only 2 mm upstream of the trailing edge, was chosen so that the effects of the 
low pressure region in the very near wake on the dynamics of the turbulence could be 
appreciated. The balances at x = 280 mm are presented in figures 4.85 and 4.86. The x = 298
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mm balance will be discussed more fully in section 4.4. The balance equations and their 
individual terms are detailed in section 3.6.
Since, at some positions third order products were not measured and X-wire measurements, in 
both u'-v' and u'-w' orientations, were made at only three positions upstream of the trailing 
edge, a short discussion on how the various terms appearing in the equations were evaluated will 
follow. Since three traverses were required at the same streamwise location in order to 
evaluate all the terms appearing in the equations, the individual components had to be linearly 
interpolated on to fixed y-values from the actual measurement locations. Owing to the large 
number of points in each traverse this interpolation introduced only a negligible difference to 
the profiles. All gradient terms were evaluated from cubic spline or 'smooth' curve fits to the 
data.
For the turbulent kinetic energy balance at x = 280 mm, dk/dx - part of the advection term - 
could only be evaluated outwards of y = 0.9 mm, owing to the probe size, without making 
unreasonable assumptions about the turbulence distribution nearer the wall. No X-wire 
measurements were made at x = 260 mm and so k here was estimated from the measured values 
of u2 at this position and the ratios of v 2 and w 2 to u2 at x = 280 mm. This was thought to be a 
reasonable estimation since, it was thought, that at both x = 260 and 280 mm the boundary 
layer was unaffected by both residual trip and trailing edge effects. This is essentially a self­
preserving assumption.
The mean velocity normal to the plate was evaluated by integrating the continuity equation 
which is thought to be a more accurate means of determination than using the velocities 
measured by the X-wire probe due to V's diminutive magnitude.
For the 5uk/3x term measurements of u3 were not available at x = 280 or 290 mm but 
measurements at x = 260 and 295 mm were available and, consequently, u3 was estimated by 
interpolating between these points. It was thought that this shortcoming would make little 
difference to the overall balance since, consistent with the thin shear layer approximations, the 
turbulent transport is dominated by the 3vk/3y term. For this term measurements of u2v  and 
V3 were available at all balance positions, but no measurements in the v'-w' plane were 
attempted throughout the course of the experiments. Consequently, in accordance with Thomas 
and Hancock (1977) and many others, vw 2 was estimated as,
vw 2 = 0.5 (u2v  + v 3)
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It is thought that this approximation was satisfactory owing to the approximate similarity of the 
u2v  and v 3 profiles. The differences between the profiles in the u3 and uw2 terms, discussed 
above, occur nearer the wall than the minimum distance for the balances.
The pressure transport terms cannot be directly measured and were taken as being negligible. 
Bradshaw (1967b) states that this assumption should cause an estimate of the dissipation, 
found by measuring the other quantities in the flow, to not be seriously in error except near the 
edge of the shear layer. Further out than this the advection is supplied entirely by the pressure 
transport terms and so they should not be neglected when the intermittency is small. From the 
corresponding simulations of Gao and Voke, presented in Gough et al. (1996a), and from those 
performed for channel flow by Kuroda et al. (1993) it seems that the pressure transport terms 
in the boundary layers should be negligible throughout the layer except perhaps in the very 
near-wall region.
The viscous transport terms were neglected as being close to zero. Bradshaw (1971) states 
that these terms are negligible except close to a solid surface. Since, the first point for which 
the balances were constructed, at y+ = 17, is outside the viscous dominated region this 
approximation should be valid. Simulation results appear to confirm this hypothesis. It seems 
that the viscous transport cannot be neglected nearer to the wall than 15 viscous units. The 
viscous dissipation was estimated by difference from the relevant turbulent kinetic energy 
balance.
Klebanoff (1954), Bradshaw (1967a, b), Murlis (1975) and Hancock (1980) present 
kinetic energy balances, constructed from point measurements, for zero pressure gradient 
boundary layers. The last two authors also present balances of the Reynolds shear stress uv. 
Spalart (1988), Kuroda et al. (1993) and Antonia and Kim (1994) present balances of both 
quantities from DNS data for a variety of wall-bounded flows. The LES for the present project 
also provides balances matched to the experimental flow geometry. These balances are 
presented and discussed in Gough et al. (1996a).
The kinetic energy balance at x = 280 mm, presented as figure 4.85, is broadly similar to those 
presented elsewhere in the literature, though some differences are apparent. The production 
term is comparable with the dissipation term, though not equal to it as it would be in an 
equilibrium or homogeneous pure shear flow, throughout the layer. The advection, dominated 
by the -U3k/3x term, remains small throughout the layer with a small rise in the inner layer 
inwards of y/8 = 0.15. This rise has not been reported elsewhere and may be due to inadequate
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resolution in the determination of the 9k/5x term. The extent of the rise, however, is small 
compared to the production at this point. The dissipation term, evaluated by difference, shows a 
peak at about the same point and this is a consequence of the turbulent transport term exhibiting 
a large loss in the inner region. This region of loss is inside a region of gain which also has a 
peak at about 0.15 8. The turbulent transport, dominated by the -3vk/3y term, exhibits many 
differences to previously published experimental balances.
It was initially thought that these differences might be due to the erroneous measurement of the 
third order products near the wall. However, by comparing the measurements with other 
experimental data it was found that the trends in 5vk/8y agreed well. Figure 4.87 shows the 
present vk  data compared to the data of Erm and Murlis. Murlis did not measure into the inner 
layer and assumed that the profiles of the vk components would show a monotonic decrease to 
zero inward of the peak at about y/8 of 0.5. However it seems from both Erm's and the present 
data set that this is not the case and the behaviour of the turbulent transport is markedly more 
complex. Hancock (1980) stated that, though all his vk measurements showed the same trends 
as for the present data set, the steep change in the gradient, and thus the high gain by turbulent 
transport, near the wall is 'probably erroneous' and due to inaccuracies in the measurements. 
Rotta (1962), Bradshaw (1967a, b) and Townsend (1976) present kinetic energy balances 
based on the measurements of Klebanoff (1954) which measured the dissipation rate directly 
using a X-wire while deducing the turbulent transport by difference. Differences between these 
balances and the present ones are apparent in the shape of the turbulent transport profiles. The 
direct measurement of dissipation is notoriously difficult since it requires the instantaneous 
evaluation of the velocity gradients across the probe and thus, as put forward by Antonia, Zhu 
and Kim (1994) and Zhu and Antonia (1995), requires extremely good spatial resolution.
Bradshaw (1967b) also showed that Klebanoff's transport did not integrate to zero across the 
layer and produced a balance, for the same flow as Klebanoff's, measuring the turbulent 
transport directly with a X-wire probe. Major discrepancies were apparent between the two 
transport terms. Bradshaw's vk however still did not integrate to zero and was thought to be in 
error since a large loss by diffusion from the region very near to the wall was implied. 
However from the measurements for the current balances and the simulations' results it seems 
that this large loss by diffusion does seem to be a physical phenomenon and, from the 
simulations shown in Gough et al. (1996a) and Kasagi and Shikazono (1995) may be followed 
by a gain in turbulent transport even closer to the wall.
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The balances presented in Murlis, Tsai and Bradshaw (1982), at Ree of 1100 and 4750, show 
the turbulent transport exhibiting a gain in the outer region followed by a loss inwards of y/5 of 
0.5. This change of sign in the gradient of vk is not seen for the present balance though a 
definite decrease in the gradient is seen at around this point. Erm's data also does not exhibit 
this change of sign for Ree = 700 though some simulation balances, in particular that of Spalart
(1988) do exhibit the crossing of the axis at this point. It should be noted that Spalart's 
diffusion term does not integrate to zero across the layer. Results from the matched simulation 
of Gao and Voke show a brief change from gain to loss before rapidly reverting to a gain in this 
region. It seems that the disagreements in the behaviour of the turbulent transport are a 
possible result of Reynolds number effects though any firm conclusions are difficult to make 
without further experimental study.
The terms for the uv balances were evaluated in a similar manner to those for the kinetic 
energy equation. The turbulent shear stress, uv, balance at x = 280 mm is presented as figure 
4.86. It can be seen that little difference appears between the generation and destruction 
(pressure strain) terms and they remain of comparable size throughout the layer. The 
convection term at the innermost two points increases in magnitude and it is thought that this 
may be due to insufficient streamwise resolution for the measurements leading to errors in the 
evaluation of the 9(uv)/3x term near the wall. The transport is governed by the -d(uv2) /dy  
term. Murlis (1975) and Hancock (1980) present uv balances for low Reynolds number 
turbulent boundary layers. Discrepancies between the evaluated transport terms are again 
seen, qualitatively as for the turbulent kinetic energy budget above though quantitatively the 
differences are far less marked. In fact the majority of the discussion above, despite the 
differences in the terms appearing in the governing equations can be applied to the uv balances 
as well.
4.4 - Trailing edge effects
Trailing edge effects on turbulent boundary layers are of significant practical importance since 
the effects of the pressure gradient over a wing, for instance, can cause separation or 
relaminarisation of the attached layer causing dramatic changes in the lift and drag 
characteristics of the aerofoil. In general the most significant effects are caused by the 
existence of an adverse pressure gradient which tends to increase the turbulence in the suction 
side layer and leads to a growth in the boundary layer thickness and, if the pressure gradient is 
strong enough, separation. Favourable pressure gradients exist over the pressure side of an 
aerofoil and also play their part in determining the circulation of an aerofoil/wing. Smits,
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Matheson and Joubert (1983) state that the study of low Reynolds number boundary layers 
with favourable pressure gradients is also of interest since these layers are usually formed 
near leading edges.
As the flow in the present experiment nears the trailing edge of the flat plate it experiences an 
acceleration due to the favourable pressure gradient caused by the low pressure region just 
behind the trailing edge. The large values of 0U/3x causing the acceleration probably have two 
causes. Firstly, even for a plate of zero thickness, 5U/3x behind the plate must be greater than 
zero which causes 3V/9y to be less than zero and thus convergence of the streamlines must occur 
and will affect the flow upstream of the trailing edge. In addition, behind the 0.96 mm trailing 
edge 'infilling' of this region must occur which implies the same trends in the strain rates.
Figures 4.1 and 4.2 show the effects of this pressure gradient on the integral parameters of the 
boundary layer. It can be seen that the values of 6, 6*, and 0 all decrease markedly with 
streamwise distance rather than the gradual rise pertaining to a zero pressure gradient 
boundary layer. This clearly has implications for the simulation and modelling of the flow and 
for the scaling of the quantities in the near wake. As can be seen from the literature review 
presented in chapter 1 it is general practice to apply scaling of the streamwise quantities 
(particularly along the wake centreline) based on the integral parameters of the boundary 
layers at the trailing edge. However most experimenters measure the boundary layer at only 
one point upstream of the trailing edge, sometimes as far upstream as over two boundary layer 
thicknesses and, as a consequence, their conclusions based on these integral parameters may be 
considerably in error. Viswanath et al. (1980) studied the flow around a symmetric aerofoil 
with a tapered trailing edge at Mach 0.4 and 0.7. This geometry gave an adverse pressure 
gradient near the cusp of the aerofoil - the opposite to that experienced for the present 
experiment. It was found that the boundary layer grew rapidly as a result of the pressure 
gradient and values of uv and k also increased upstream of the trailing edge. Baker et al. 
(1982) also noted similar effects but present little analysis of their data.
It was thought that, despite the lack of upstream development measurements for the boundary 
layers in previous wake experiments, it was possible that the effects would have been noted in 
the many previous backward facing step experiments. This flow was thought to be analogous to 
the trailing edge flow in that there is a recirculation zone and movement of the streamlines that 
is qualitatively comparable. However these experiments appear not to have considered the 
development of the layers upstream of separation though, for many of these experiments the
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imposed pressure gradients, caused by the low pressure region, are very much greater than for 
the present experiment.
Smits et al. (1983) studied the effects of two favourable pressure gradients on the mean flow 
characteristics of a low Reynolds number turbulent boundary layer. It was found that H 
decreased with increasing favourable pressure gradient while Cf increased. Both Clauser charts 
and Preston tubes were used for the evaluation of Cf. These methods were thought to be valid 
since a logarithmic region was observed in the mean velocity profile for all the boundary layers 
studied. Agreement between the two methods was said to be better than 2 %.
Smits and Wood (1985) reviewed the state of the art of research into turbulent boundary 
layers subjected to sudden perturbations. The effects of changes in pressure gradient were 
considered. It is stated that when a change in dp/dx is imposed on the layer the boundary layer 
approximations collapse since 5U/8y in the outer layer cannot respond instantaneously to the 
change in the pressure gradient whereas, because of the relatively short time scales of the inner 
layer eddies, they can respond to any imposed pressure gradient much quicker than the outer 
layer eddies.
A positive value of the strain rate 3U/9x, as observed for a favourable pressure gradient, is 
associated with negative 5V/9y, by continuity, and Townsend (1961) suggests that this will 
reduce the active motion and thus the contribution to the Reynolds stresses. A favourable 
pressure gradient tends to stabilise the turbulent boundary layer and will, if strong enough, 
cause the boundary layer to revert to a laminar state. Thus a reduction in the values of the 
turbulent quantities is to be expected when a favourable pressure gradient is applied.
Finnicum and Hanratty (1988) studied the effects of favourable pressure gradients on 
turbulent boundary layers through the use of scaling arguments and a computational model. 
Their model predicted that, with increasing favourable pressure gradient, the peak in u2 
decreases slightly in magnitude while the values of uv, v 2 and w 2 decrease much more 
substantially. The favourable pressure gradient reduced the magnitudes of all the terms 
appearing in the turbulent kinetic energy equation though no dramatic changes were observed in 
the relative importance of the individual terms. It is also stated that Cf is a constant for 
moderate and large favourable pressure gradients.
As well as the standard pressure gradient literature mentioned above it may be said that the 
effects of a favourable pressure gradient are analogous to the early effects of convex curvature
107
Chapter 4 - Low Reynolds number turbulent boundary layers
with the extra strain rate 5U/5x increasing for both these flows, over and above the standard 
boundary layer value. Streamline curvature is also a feature of both these types of flow. 
Convex curvature has been shown to reduce 5 and the magnitude of the turbulent quantities - see 
Smits, Young and Bradshaw (1979) for further details. By analysing the streamline curvature 
near the trailing edge of the plate it was found that the ratio of Aj/R, where Aj is the 
approximate extent of the inner layer and R is the radius of curvature of the streamlines in this 
region, indicated a flow that was analogous to that over a region of mild convex curvature. The 
maximum value of this parameter in the symmetric wake generating boundary layer was 0.06 
which, as stated by Meroney and Bradshaw (1975) would cause a large change in the integral 
parameters of the flow-field.
4.4.1 - Mean velocity profiles
It can be seen from figures 4.5 and 4.6 that the agreement between Cf evaluated by Clauser 
charts and Preston tubes deteriorates as the trailing edge is approached. As shown by figure 
4.88, which shows the variation of U/Ue with y/8 near the trailing edge for BL1, clear 
departures from the upstream profiles occur at x = 298 mm, just 2 mm upstream of the 
trailing edge. This departure appears to be most prominent in the inner layer. Figure 4.89 is a 
plot of the same data normalised on the Ut evaluated from the Clauser chart. From this plot it 
appears that the major influence of the pressure gradient is confined to the outer layer. 
However, assuming that the outer layer has had little time to adjust to the inner layer 
perturbation caused by the application of the pressure gradient, then an effective value of Ut 
can be implied. This has been done by fitting the outer layer profiles here to those measured at 
x = 280 mm. Attempts were made to also fit the profiles at x = 290 and 295 mm but it was 
found these exhibited only negligible differences from those at x = 280 mm. The table below 
shows the implied outer layer Uts, for all three boundary layers, and the changes required from 
the Ux evaluated by means of the Clauser chart.
layer side of plate X inner laver Ut outer layer Ut change
( m m ) (m s *1) ( m s ’1) (% )
BL1 +ve 298 0.497 0.487 -2 .01
BL1 - v e 298 0.500 0.489 -2 .11
BL1 +ve 300 0.512 0.490 -4 .2 3
BL2 +ve 298 0.535 0.513 -4 .0 8
BL3 - v e 298 0.494 0.478 f CO -n]
Table 4.5 - Evaluation of outer layer U t s
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Note that the changes in Cf required to force agreement in the outer layers will be double those 
shown above for Ut.
Figures 4.90 shows the same profiles normalised using the outer layer values of Ut . Of course 
it should not be expected that the profiles should still concur with the logarithmic law. The Ut 
here will also no longer indicate the shear stress at the wall or in the inner layer and, in view 
of the proximity of the measurement location to the trailing edge, the inner layer is unlikely to 
be in equilibrium in this region.
As stated by the majority of authors the logarithmic region reduces in extent as the favourable 
pressure gradient is increased. This can clearly be seen from the wall unit plots shown in 
figures 4.89, 4.38 and 4.40. From these wall unit plots it appears that the major effects of the 
pressure gradient are confined to the inner region of the layers which is in contrast to the 
results of most pressure gradient experimental studies. The outer layer normalised plot, shown 
in figure 4.90, also shows the major effects of the application of the pressure gradient to be 
confined to the inner region of the layer. The differences between this study and most 
experimental studies of pressure gradient effects are due to the pressure gradient being imposed 
on the inner layer, by the low pressure region, rather than the case for most studies where the 
pressure gradient is applied to the outer edge of the layers by alteration of the flow geometry.
Plots of the strain rates 9U/0y, 3U/9x and 9V/8x, for both x = 280 mm - where the effects of 
the pressure gradient are thought to be negligible - and at x = 298 mm are shown in figures 
4.91 to 4.93. It can be seen that both 9U/0x and 3V/9x increase in magnitude considerably as 
the pressure gradient is applied. Note that this rise in 3U/0x is most noticeable in the inner 
region.
The development of the profiles of the normal mean velocity, V, are shown in figure 4.94 plotted 
in outer layer co-ordinates. It can be seen that between x = 280 mm and the trailing edge the 
magnitude rises and reverses in sign. The x = 290 mm profiles are possibly in error owing to 
lack of streamwise resolution for the determination of 5U/9x. The change in sign of V is imposed 
by continuity due to the change in sign of 3U/3x.
4.4.2 - Reynolds stresses
From figures 4.95 and 4.96, 4.51 to 4.54 and 4.44 to 4.47 it can be seen that u2 , v 2 and w 2 
decrease (for all three boundary layers), more so than would be expected over 2 5, as the 
trailing edge is neared. The shear stress uv also appears to decrease though there is a fair
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amount of scatter in these profiles presented as figures 4.49 and 4.50. It can be seen, for the 
plots of the turbulent quantities against y/8, that the major influence of the imposed pressure 
gradient appears to be constrained to the inner layer.
For the present case the pressure gradient imposed by the low pressure region downstream of 
the trailing edge is applied close to the inner region of the boundary layer whereas for the 
majority of pressure gradient experiments the gradient is applied by the changing of the flow 
geometry by the tilting of the opposite wall of the wind tunnel. This would be likely to affect the 
outer region of the developing boundary layer first. As a consequence of this it seems that 
perhaps a more physical way of looking at the imposed pressure gradient for the present 
experiment is to view it as a form of near-wall perturbation. It thus seems possible that the 
law of the wall no longer provides a valid description of the mean velocity and so the use of the 
Clauser chart to evaluate U t  will be erroneous in this region. From the trailing edge papers of 
Viswanath et al. (1980) and Baker et al. (1982) the major effects of the pressure gradient also 
seem to be confined to the inner region of the boundary layers.
Clearly since a favourable pressure gradient of strong enough magnitude will cause 
relaminarisation then the associated decrease in turbulent fluctuations should be expected, to 
some extent, whenever a favourable pressure gradient is applied to a flow. It can be seen from 
the plot of turbulence intensity for BL1 presented in figure 4.97 that the intensity falls 
noticeably in the inner region of the layers.
4.4.3 - Third order moments
All the third order products also appear to reduce in magnitude as the trailing edge effects 
become apparent and this is particularly noticeable for BL2 and BL3. The u3 profiles near the 
trailing edge for BL1 are shown as figures 4.98 and 4.99. It can again be seen that the major 
influence of the imposed pressure gradient is on the inner layers.
From the plots of the streamwise skewness factor near the trailing edge, presented in figures 
4.100, 4.77 and 4.78 for the three boundary layers it can be seen that little difference is
t ____ 3 ____
produced by the presence of the trailing edge. This implies that the u2 2 and u3 profiles are 
affected to approximately the same extent.
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The v' skewness profiles for BL1 near the trailing edge are presented in figure 4.79 and this 
appears to suggest that some differences caused by the trailing edge may be present, though the 
scatter is not insignificant and conclusions are difficult to make for this reason.
4.4.4 - Streamwise spectra
Spectra of the streamwise fluctuating component were measured at x = 295 mm for BL1 but 
unfortunately no measurements were taken upstream of this position at locations where the 
trailing edge effects were thought to be insignificant. Thus no comparisons could be made to 
indicate how the pressure gradient affects the large and small eddies. The spectra measured at x 
= 295 mm will be used for comparison with the development of the wake downstream in the 
next chapter.
4.4.5- Reynolds stress transport equation balances
The turbulent kinetic energy balance at x = 298 mm is presented in figure 4.101. Owing to the 
probe geometry, measurements were able to be made down to y = 0.5 mm as opposed to 0.9 mm 
for the balance at x = 280 mm presented in figure 4.85. It can be seen that the production and 
dissipation terms are almost equal throughout the layer. The advection term is non-negligible 
for most of the layer due to the near-wall favourable pressure gradient causing a quite rapid 
decrease in k near the trailing edge. The turbulent transport term follows much the same 
trends as discussed for the x = 280 mm balance in section 4.3. Kinetic energy production falls 
between 280 and 298 owing to the reduction in uv and the increase in the streamwise mean
velocity gradient. The effect of the latter is to make the normal production term -^u2 - v 2 j-—
non-negligible and negative At the inmost measurement point this normal production term has 
risen to 10 % of the, usually dominant, shear production term. This clearly indicates the 
importance of evaluating all the terms in the governing equations as opposed to neglecting the 
streamwise gradients in accordance with the thin shear layer approximations. The production 
and dissipation terms continue to increase in magnitude as the wall is approached. It should be 
noted that the dissipation shows the more usual behaviour of continuing to grow towards the 
wall, in contrast to the balance at x = 280 mm. The levelling out of the dissipation profile 
prior to it rising steeply is also an interesting feature, if it is genuine.
Little difference is apparent between the balances of the turbulent shear stress uv at x = 280 
and 298 mm as presented in figures 4.86 and 4.102 respectively. The convection term changes 
sign owing to the pressure gradient causing a decrease in uv but remains small when compared 
to the generation and destruction terms. The turbulent transport of the shear stress does not
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exhibit the same crossing of the axis as for the balance at x = 280 mm but it is possible that 
this feature would be seen if the measurements were extended closer to the wall.
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Figure 4.12 - AU/Ut v  (x-x^/d for different settings of 1.24 mm wire trip
118
0.0065
0.0060
0.0055
O 0.0050
0.0045
0.0040
0.0035
■
■  1.24 mm trip at x = 50 mm 
□  1.24 mm trip at x = 50 mm - Ue = 14.4 m/s
------------ E + J at Ue = 10 m/s
------------ E + J at Ue = 14 m/s
□ ■
s '
f
m
^ ' b X
-  - v -
■
/
1
p p -  
7 /  ; X
s"" ' ' " f j  
X
□
j  /  
i '
/
x . ^ / 
1 
/
/
i - - _.
i
i — -
0 50 100 150 200 250 300 350 400 450
(x -x d) /d
Figure 4.13 - Cf v (x-x^/d for 1.24 mm trip @ x = 50 mm - comparisons with Erm and Joubert
9
■  1.47 mm trip at x = 10 mm 
□  1.58 mm trip at x = 10 mm
♦ 2.05 mm trip at x = 10 mm 
02.65 mm trip at x = 10 mm 
a  1.24 mm trip at x = 210 mm 
A 147 mm trip at x = 210 mm
•  2.65 mm trip at x = 210 mm
8
7
6
5
4
3
2
1
0
0 20 40 60 80 100 120 140 160 180 200
(x -x d) /d
Figure 4.14 - 8/d v (x-xd)/d for different trips at x = 10 mm and x = 210 mm
119
8
/(
x
-x
d)
1.24 mm 50 mm 
150 mm 
190 mm 
210 mm
50 mm - Ue = 14.4 m/s 
10 mm 
180 mm 
210 mm 
10 mm 
230 mm 
10 mm 
10 mm 
210 mm
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip at x 
trip al x
□  1.24 mm
♦ 1.24 mm
O  1.24 mm
a 1.24 mm
A  1.47 mm
•  1.47 mm
O 147 mm
►31.58 mm
£31.58 mm
Q2.05 mm
-2.65 mm
—2.65 mm
( x -x d) /d
Figure 4.15 - 5/d v (x-x<j)/d for all trip settings
0.25
0.2
0.15
0.1
0.05
\
\
i
\
\
i  _
\
t
■  1.24 mm trip al x = 50 mm 
□  1.24 mm trip at x = 150 mm
♦ 1.24 mm trip at x = 190 mm 
O  1.24 mm tripat x = 210 mm
a 1.24 mm trip at x = 50 mm - Uc = 14.4 m/s 
A  1.47 mm trip at x = 10 mm
•  1.47 mm trip at x = 180 mm 
O 1.47 mm trip at x = 210 mm 
£3 1.58 mm tripat x = 10mm 
£3 1.58 mm trip at x = 230 mm 
S3 2.05 mm trip at x = 10 mm
-  2.65 mm trip at x = 10 mm
— 2.65 mm trip at x = 210 mm
\
\
\
\
\  ■
s\
”  \
-  \ i  
E3 N
i
i
V
E3 \
o \o
* •
o ♦
1
n
—U f l
1 ■ i > ■
__
__
__
_ 
..!
.. 
.
w©12-V
US'*.
wo
'ZU
fe
m-C
$
«+
0 20 40 60 80 100 120 140 160 180 200
(x -x d)/d
Figure 4.16 - 8/(x-xd) v (x-x^/d for all trip settings
1 2 0
7 * 0.6 50 mm 
150 mm 
190 mm 
210 mm 
50 mm - Uc 
10 mm 
180 mm 
210 mm 
10 mm 
230 mm 
10 mm 
10 mm 
210 mm
mm inp at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip at x 
mm trip al x
□  1.24
♦ 1.24
01.24
14.4 m/s
A  1.47
•  1.47
01.47
—2.65
(x-Xdj/d
Figure 4.17 - 8*/d v (x-xd)/d for all trip settings
3.50E-02
3.00E-02
2.50E-02
2.00E-02
1.50E-02
1.00E-02
5.00E-03
0.00E+00
1
i _ill \rii
\ eP
Cr---
■ 1.24 mm trip at x = 50 mm w c>
□ 1.24 mm trip at x = 150 mm 1*2-'
♦ 1.24 mm trip at x = 190 mm
o 1.24 mm trip at x = 210 mm i C ^
A 1.24 mm trip at x = 50 mm - Uc = 14.4 m/s H o
A 1.47 mm trip at x = 10 mm
• 1.47 mm trip al x = 180 mm \-V Z
o 1.47 mm trip at x = 210 mm
a 1.58 mm trip at x = 10 mm L
a 1.58 mm trip at x = 230 mm lt+t=>
H 2.05 mm trip at x = 10 mm $
- 2.65 mm trip at x = 10 mm H-
“ 2.65 mm trip at x = 210 mm 
— power law fit
K a -E-.ja
0 20 40 60 80 100 120 140 160 180 200
(x -x d) /d
Figure 4.18 - 87(x-xd) v (x-xd)/d for all trip settings
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Figure 4.20 - G/(x-xd) v (x-xd)/d for all trip settings
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Figure 4.28 - AU/Ut v  Ree for wake generating boundary layers - detail
126
0.0065
0.0060
0.0055
0.0050
0.0045
0.0040
0.0035
0.0030
200
-E3-
□
CP
a ■
EH. qQ
Q f l
Q E 3 „  o
-Sa— 1aS-
■  BL1 D B L2
O  Antonia cta l a Castro
•  Head and Bandyopadhyay O Murlis
g^Smils ct al
♦ BL3
A  Erm and Joubert 
ggPurtcll et al
300 400 500 600
Reo
700 800
E%3 E3 
E3
900 1000
Figure 4.29 - Cf v Ree in boundary layers used for wakes' generation
E3
□
□
□
m
Q
E
□
■
3E3 n
 ^ E3 ^  □  q
r  A
i ^
& Q I E3 ^I 63 E3 * 1 i P R
'■b E^3 &A E3 
□
♦ 1
”1E3
A
' E3 ' ..... ~tS
q q  Q h
A
■  B L l Q BL2 ♦ BL3 
O Antonia etal a. Castro A Erm and Joubert 
•  Head and Bandyophadhyay O Murlis QPurtell et al 
ggSmits etal
-------------1---------------- ^ ----1---------------- 1-----------------1-------------------
200 300 400 500 600 700 800 900 1000
Ree
Figure 4.30 - H v Re0 in boundary layers used for wakes' generation
127
0.9
0.8
0.7
0.6
=  0.5
Z3
0.4
0.3
0.2
0.1
i . j  m □ ■
□  U  ■
j
c F  ^ j
X 1
f * ...  '
4O
o
&
□
■
□
■
□
1
■  positive side at x = 260 mm j ' 
□  negative side at 260 mm | j
-----------
-----------
2 3 4 5 6 7
y (m m )
1 0
Figure 4.31 - U/Ue v y at x = 260 mm on both sides of the plate
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000
£
■
■ positive 
□ negative
ide at x = 260 
side al x = 260
nm j 
mm |
□
□ iii
1
g
■
c i
□
M
□
i
i
I
\ ?
!
i
i
□■
eg
|
1 □.
j
q
3 "  □ .
"  ' ! 
□ ■ n ■
5 6
y (m m )
10
Figure 4.32 - u2/Ue2 v y at x = 260 mm on both sides of the plate
128
u2
/U
e
2 
“ 
U
/U
e
pi Oi Or■Cmtsr
aCk
0.9
0.8
0.7
0 . 6  1
0.5
0.4
0.3
0.2
■  positive side at x = 298 mm 
□  negative side al x = 298 mm
0 2 4 6 8 1 0 141 2
y (m m)
ire 4.33 - U/Ue v y at x = 298 mm on both sides of plate
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000
S '
□
■ «
■  positive side at 
□  negative side at
x = 298 mm 
x = 298 mm
° \
.....JH......
■
□
■
Cb
■
■2 p.t
r
a □
i
■
a
o
■ c
■
Ri
i1 Di----------Qi Oi----------
6 8 
y (m m )
1 0 1 2 14
Figure 4.34 - u2/Ue2 v y at x = 298 mm on both sides of plate
129
0.9
0.8
0.7
0.6
o
=  0.5 3
0.4
0.3
0.2
0.1
" i■  □  . * T  <>m  •
<P# * f O . 1 ^
£ "¥ >  •  *
I
■ ♦ U
OA •
& *
♦  v  n ,
$  £  •
I
$
£
A
i
■  x = 100 
□  x =  150
mm
mm
—
8
♦ x = 200 mm 
O  x = 260 mm 
x  x = 280 mm 
A x  = 290 mm
•  E + J - x = 260 mm
o 
- 
o
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 1
y /8
Figure 4.35 - U/Ue v y/5 upstream of trailing edge effects for BL1
20
1 5
3
3 10
x = 100 mm 
x = 150 mm 
x = 200 mm 
x = 260 mm 
x = 280 mm 
x = 290 mm 
E + J - x = 260 mm 
•sublayer law 
-log law
1 0 100 1000
Figure 4.36 - U/Ux v y+ upstream of trailing edge effects for BL1
130
10.9 
0.8 
0.7 
0.6
o
5  0.5 3
0.4 
0.3 
0.2 
0.1 
0
Figure 4.37 - U/Ue v y/8 for BL2
2 0          ^
r  i  r  i i  n T P  r f p t  i  f
1 8 ------------------------------      o o  <><>000----------------
c
16 —  -------------------------------
s' <’
,4 ------------------------------------------- i ---------- - J S S ---------------------------------------------
12  -^----------------------------------------------------
arcx / *o
5  1 o ---------------------------------------------------- -— £ * ----------------------— ---------------------------------------------------------------------
3
8 - - j= -■£ < > ■  x = 260 m m -------
• □  x = 280 mm
■J ♦ x = 290 mmC_________________ «_________________ ______
~P  O  x = 298 mm
j   sublayer law
^ ___________________ .....................................................................................  ................ log law
/■'
2 - - -   1—------------------------------------------------
o — .— — — — U-------------------------- L i_______________ ____________
1 10 100 1000
y+
Figure 4.38 - U/Ut v y+ for BL2
XX&
X*
—
“p rR-cirBssss
ooooo
d r
1 s ''
on
I *
s £
□ ao
 x = 260 m
 x = 280 mm
 x = 290 mm
 x = 298 mm
--------------
 log law
o *1.o  P P
■
Q> ■ B>
■
J, >o o*C
■
■ c -
-
O r * ^ r
& 1
<3*
♦cF9
$
♦j
■
□
x = 260 mm 
x = 280 mm
-
Ox = 298 mm
0 0 .1  0 ro o
oCO 4 0
y
5 0
5
oCO 7 0
oCO 9
131
0.9 ■ O B
0.8
0.7
0.6
5  0.5
0.4
0.3
■  x = 260 mm 
□  x = 280 mm 
♦ x = 290 mm 
O x  = 298 mm
0.2
0.1 0.2 0.3 0.4 0.5 0.6 10 0.7 0.8 0.9
y/5
Figure 4.39 - U/Ue v y/8 for BL3
,
.c£\1
>
o'
?
O <>o0
j
/
4-
* <tf
s
i i
4
■
/c
/
J>□ ■  x = 260mm 
□  x = 280 mm 
♦ x = 290 mm 
O x = 298 mm 
------------sublayer law
*
s '
y
1 10 100 1000
y+
Figure 4.40 - U/Ux v y+ for BL3
132
25
20
15
10
BL1 @540 
BL2 @440 
BL3 @780 
Smilsetal. @380 
Purtell cl al. @465 
Erro @700 
Murlis @790 
Antonia el al. @990 
-sublayer law
-------------- log law
(V
/ m
&T '
^ . d f i o d n
1 0 100 1000
Figure 4.41 - U/Ux vy+ - comparison of various experiments
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Figure 4.48 - u2/Ut2 v y+ - comparison of various experiments
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Figure 4.54 - w2/Ux2 v y* for BL1 (includes data near trailing edge)
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Figure 4.56 - v2/Ux2 v y* - comparison of various experiments
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Figure 4.59 - u3/Ux3 v y+ upstream of trailing edge effects for BL1
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Figure 4.64 - uv2/Ue3 v y/5 for BL1 (includes data near trailing edge)
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Figure 4.86 - Reynolds shear stress balance at x = 280 mm for BL1
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Chapter 5 - The developing symmetric turbulent wake
5.1 - Symmetric wake introduction
As stated in Gao, Voke and Gough (1996), included as appendix A2, the trailing edge and near 
wake region behind a thin body, are critical in determining the behaviour of lifting surfaces 
in both turbo-machinery and aircraft design. The development of the wake downstream of a 
body is also of much practical interest. The near wake is characterised by two changes in 
boundary conditions; the removal of the no-slip and impermeabilty conditions.
The flow geometry for the present set of experiments has been discussed in chapter 2 and is 
shown below Note that this schematic is not to scale.
Flow negative side (-ve)
leading edge 1.24 mm trips trailing edge
1 I I
x = 0  mm x =  50  mm x =  300  mm
positive side (+ve)
Tests using a variety of probes were conducted at several locations downstream of the 
trailing edge. Pitot probe measurements near the trailing edge showed poor agreement with 
the hot wire measurements, as expected due to the high turbulence levels found in this 
region. The reader is referred to Chue (1975) for further details on Pitot probes in 
turbulent flow.
Single hot wire measurements (using probe SHW) were made across the wake at nine 
streamwise locations downstream of the trailing edge for the symmetric wake, in the range 
301 < x < 1000 mm. Note that for the following discussion x is taken from the leading edge 
of the plate such that the trailing edge is at x = 300 mm. A single hot wire traverse was also 
conducted along the centreline of the wake. Four traverses across the wake and one along the 
centreline were also made wjth the subminiature single hot wire probes (sub. SHW). The 
streamwise quantities presented in this chapter were all measured by the SHW probe. 
Geometrical details for all the probes utilised during the study are shown in appendix A5.
Cross wire measurements, in the u'-v' orientation, were made, using six different probes, 
at fourteen different streamwise locations in the range 302 < x < 1960 mm. In the u'-w'
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orientation six traverses were made using the modified X-wire probe (comp. XW), in the 
range 302 < x < 400 mm. X-wire traverses, using a variety of probes, were also made 
along the wake centreline. The measurements presented in this chapter were made using a 
variety of probes and the choice of these will be discussed at the relevant times.
In general, the streamwise quantities, U, u2, u3 and u4 presented in this thesis were all 
determined from the single hot wire traverses. It was thought that these would be the least 
prone to probe resolution effects. Some streamwise quantities, measured with X-wire 
probes, at locations starting at x = 400 mm are included in the plots. At these positions, all 
relatively far downstream of the trailing edge, it was thought that probe resolution effects 
were no longer in evidence. This was proved by checking the X-wire results at the next 
upstream station against measurements at the same station made with a single wire. It can 
be seen from figure 5.1 that the agreement in the triple product u3 between the SHW and 
comp. XW probes at x = 340 mm was excellent thus justifying the use of the streamwise 
quantities from the comp. XW traverses at x = 400 mm and beyond for comparison. The 
streamwise measurements presented at x = 1000 mm and 1960 mm were taken using a 
standard DANTEC 55P61 X-wire probe (XW). Figure 5.2 shows the XW traverse u3 values 
compared with those from a SHW traverse. It can be seen that these agreed excellently and it 
was so concluded that the XW probe was adequate for the measurements of the streamwise 
quantities at this position and beyond.
Traverses were carried out, in the u'-v' orientation, at many stations utilising both the 
standard DANTEC 55P61 (XW) probe and the modified compressed (comp. XW 5) X-wire 
probe. It was found that clear discrepancies between the results from the respective probes 
were apparent. It was thought that, in view of the size of the flow and the respective probe 
volumes, the comp. XW probe was more likely to produce reliable quantitative results. As a 
consequence of this thinking the majority of the X-wire results presented in this chapter 
were made using this probe. Some standard X-wire results are presented but only at the 
positions x = 1000 and 1960 mm. Figures 5.3 and 5.4 show u2v and uv2 profiles 
measured at x = 1000 mm by the XW and comp. XW 2.5 probes. It can be seen that excellent 
agreement has been achieved and thus, it was thought, the XW measurements were 
satisfactory for the quantitative description of the flow at this point and further 
downstream. This resolution problem was expected to be reduced with increasing 
streamwise distance in the flow since it is thought that (see section 3.4) the resolution of 
the probe is dependent on the relative size of the probe to the overall size of the flow and the 
Kolmogorov length scale. The sizes of the probes in terms of rj are included in appendix A5. 
Since it was known, from previous experimental investigations, that the turbulence 
production levels decrease with downstream distance and, applying the approximate relation 
that production is of the same order of magnitude as dissipation, as indicated by the energy
166
Chapter 5 - The developing symmetric turbulent wake
balance for the far wake depicted in Townsend (1976), then dissipation must also decrease 
in magnitude with downstream distance and thus the Kolmogorov length scale must increase. 
A complete list of all the traverses conducted in the symmetric wake, with the various 
probes, will be produced in a later data report. The integral parameters calculated for the 
symmetric wake are included in appendix A7 of this thesis.
Spectra of the streamwise turbulent velocity were taken utilising the subminiature single 
hot wire probe (sub. SHW) at three positions downstream of the trailing edge - x = 305, 
310 and 340 mm.
Corrections for signal rectification were applied to the data using the method proposed by 
Tutu and Chevray (1975) as discussed in section 3.4 and appendix A6. The proposed errors 
for the various measured quantities are presented in figures 5.5 to 5.9. It can be seen that, 
as expected, the errors were greatest in the high turbulence region in the centre of the wake. 
At x = 304 mm the error in U rises to a maximum of 9 % in the strongest turbulence, 
where the streamwise turbulence intensity rises to 50 %. Outside this central zone, 
however, the errors are small. Further downstream of x = 304 mm the errors in U are 
negligible throughout the wake. The errors in u2 are somewhat higher and rise to nearly 17 
% in the strongest turbulence. Again these high errors are constrained to a few points in the 
very centre of the wake where the shear is very strong. By x = 310 mm the errors in u2 
are negligible.
As expected, due to the use of a X-wire to ascertain the values of v 2 and w2, the errors 
inherent in measuring these quantities were higher than for the measurements obtained with 
the single wire, v 2, at x = 304 mm and in the centre of the wake, was undermeasured by 20 
%, as was w2. The errors in these quantities persist for a longer distance downstream than 
for the u2 measurements, with errors of over 3 % still being seen at x = 340 mm where the 
maximum u2 errors are about 1.5 %.
As noticed by Tutu and Chevray, the largest errors were seen in the Reynolds shear stresses, 
-uv was underestimated by nearly 30 % in the most turbulent region of the flow. Errors of 
over 4 % are observed even at x =340 mm. It should be noted that, in view of the inherent 
uncertainty in the accuracy of applying a correction based on the assumption of a Gaussian 
distribution of turbulence to profiles which are clearly non-Gaussian, all the data presented 
in this chapter are presented in uncorrected form.
This chapter is divided into discussion of the mean flow, the Reynolds stresses, the third 
order moments, the u' component spectra and the Reynolds stress balances. The streamwise 
measurement locations are, for the sake of consistency with the boundary layer
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measurements presented in the previous chapter, presented as the distance from the leading 
edge of the wake generator. So, for instance, the measurements at x = 1000 mm are taken at 
a location 700 mm downstream of the 300 mm long flat plate. For those plots involving 
streamwise development of the wake, e.g. those using x/0 or x+, the datum is taken as being 
at the trailing edge of the plate and the streamwise distance will be denoted as x'. The 
friction velocity, Ux, used for plots presented in this chapter is the 'outer layer' Ux at x = 
298 mm as discussed in the previous chapter. When an upstream value of the momentum 
thickness 0O, is used for normalisation, the value is that taken from the traverse at x = 298
mm.
The distances normal to the chord of the wake generator are plotted using a datum on the 
wake centreline. This is inconsistent with the boundary layer results presented in chapter 
4. For the following chapter, the lateral distances from the plate surface have been shifted 
by half a wake generator thickness, 0.48 mm, so the datum is on the wake centreline. These 
distances will be denoted as y'.
The spanwise invariance of the symmetric wake was checked by traversing across the wake 
at x = 340 and 1000 mm in five spanwise positions corresponding to two thirds of the 
spanwise extent of the plate. Figures 5.10 to 5.13 show that the agreement in both the mean 
and u2 profiles was excellent for all positions. All measurements presented in this chapter 
were made at a spanwise height of approximately z = 300 mm with the z datum being taken 
from the tunnel floor.
5.2 - Mean flow for symmetric wake
As discussed in section 4.4, as the boundary layers near the trailing edge of the wake 
generator the low pressure region just downstream of the finite thickness trailing edge 
begins to affect the flow by causing an acceleration and streamline curvature, resulting in a 
reduction in the boundary layer thickness from that upstream. This effect continues past the 
trailing edge and can clearly be seen from the plots of the streamlines presented in figures 
5.14 and 5.15 which were calculated as discussed in section 3.6. Since a streamline exists 
on the surface of the plate and another along the centreline of the wake, where this condition 
is imposed by symmetry, then this was used as the lower limit for the integration.
From figure 5.15 it can be seen that very near the trailing edge the streamlines are 
converging, at a maximum angle of about 10° just beyond the end of the plate. By x = 310 
mm the streamline corresponding to \y = 0.00025 has been pulled towards the wake 
centreline by a distance greater than the half thickness of the plate. This indicates that, for 
an infinitely thin plate, streamline curvature would also occur.
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Streamline curvature exerts a surprisingly large effect on turbulence in shear flows, as 
discussed in detail by Bradshaw (1973) and is a manifestation of extra rates of strain being 
imposed on the flow. In this case the extra strain rates are 3U/9x and 3V/3x which increase 
rapidly near the trailing edge. Figures 5.16 and 5.17 present the values of the strain rate 
3U/3x, evaluated along the wake centreline, and 3U/3y evaluated at the position of maximum 
gradient across the wake for different positions downstream of the plate. These are plotted 
on semi-logarithmic axes in order that the high values of both strain rates, in the very near 
wake region, can be seen clearly. At x,+ of about 200 (where x' denotes distance from the 
trailing edge), corresponding to x of about 306 mm, 3U/3x has risen to a value of about 0.3 
3U/9ymax. Bradshaw (1973) states that the thin shear layer approximations are only valid 
when the extra strain rate, in this case 3U/3x, is less than about 0.01 of the main shear, 
3U/3y. Using 3U/3x evaluated on the wake centreline and the maximum value of 3U/3y 
across the layer then it can be shown that these approximations are only valid downstream of 
x = 1000 mm (xl+ of about 22000), which is a position in the far wake - as defined by 
Ramaprian, Patel and Sastry (1982).
From the streamline plots it can be seen that the major effects of the curvature are seen, as 
expected, in the inner layers of the boundary layers and in the region directly behind the 
trailing edge. The effects of the streamline curvature will be discussed in more detail in the 
following sections of this chapter when the turbulent quantities will be discussed.
Figures 5.118;and 5.19.show the development of the streamwise mean velocity, U, profiles 
from the boundary layers 2 mm upstream of the trailing edge down to a position nearly 1.7 
metres downstream of the trailing edge. The centre of the profile at x = 301 mm can be seen 
to exhibit some scatter not apparent in the other profiles. This is thought to be due to the 
existence of a recirculation zone just downstream of the trailing edge. Pitot probe 
measurements at x = 301 mm confirm the existence of this region of separated flow. 
Because of the directional insensitivity of hot wire probes this recirculation cannot be seen 
in the presented results. However, as shown in figure 5.20, if it is assumed that a small 
separation bubble exists and that the three central points for the profile are negative values 
of U/Ue, the so 'flipped' profile shows very smooth development.
It can be seen that the major changes in the flow beyond the trailing edge are confined to the 
inner region of the profile. By under one boundary layer thickness downstream of the plate 
the mean velocity on the centreline has reached half the free stream velocity. With 
increasing downstream distance the rate of increase in the centreline velocity, Uc|, 
decreases. In the outer layers little change from the boundary layer values is exhibited by 
the profiles. Since the change in the boundary conditions imposed by the edge of the plate is 
confined to the inner region then any results from this change can only be fed outwards
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The outer layer Ux is used as a velocity scale for the growth of the developing wake in 
accordance with the previous experimental studies. It should be remembered however that 
Ux is a velocity scale for the upstream boundary layers and as such should be not be 
expected to be the governing velocity scale for the growth of the inner wake where the mean 
velocity profile has changed from that expected in the inner layers of the upstream 
boundary layers. However in the absence of an obvious suitable velocity scale in this region 
Ux is used to describe the flow here.
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slowly owing to the relatively large timescales of the outer layer eddies compared to the 
small inner region eddies.
The outer region of the profiles at x = 298 mm and 301 mm on the positive side of the plate 
exhibit small differences from the rest of the profiles to x = 340 mm. These differences are 
probably due to inaccurate placement of the probes.
Figures 5.21 and 5.22 show the development of the mean velocity profiles plotted in inner 
layer co-ordinates using the 'outer layer' friction velocity, Ux, defined in the previous 
chapter. The viscous sublayer and logarithmic laws plotted on these graphs have been 
adapted to include the offset in the y-values caused by moving the datum position from the 
plate surface to the wake centreline. Again it can be seen that the changes are confined to the 
inner region of the profiles and these migrate outwards with increasing streamwise 
distance, as shown by many experimenters previously.
By observing where the wake plots begin to deviate from the upstream boundary layer 
profiles it can be seen that the start of the agreement with the logarithmic law exhibited in 
the original layers migrates outwards with increasing streamwise distance. In the boundary 
layers the logarithmic region was present between the approximate limits of 30 < y+ < 100 
whereas at x = 460 mm the logarithmic region commences at approximately 160 viscous 
wall units. At x = 1000 and 1960 mm no region that follows the standard boundary layer 
logarithmic law is apparent.
Figure 5.23 shows the extent of this inner wake development plotted against streamwise 
distance from the trailing edge for the present case and other experiments. Note again that 
the flow geometries and Reynolds numbers are different for each experiment shown on this 
plot.
It can be seen that all the profiles, in the range 540 < Ree <13600, show good agreement for 
the spreading of the inner wake up to x'+ of about 1000, with the exception of Pot's (1979) 
data which seems to exhibit some oddities, certainly for the first three measurement points.
Following x'+ of about 1000 the profiles start to exhibit a Reynolds number dependence. 
The high Reynolds number data of Andreopoulos and Bradshaw (shown as A + B) shows a 
rapid increase in the spreading of the inner wake beyond this point. Ramaprian, Patel and 
Sastry's (shown as R, P + S) data, at Ree of 5220, shows a less rapid rise though the inner
wake still exhibits far quicker spreading than for the low Reynolds numbers of the present 
case and those of Nakayama and Liu (shown as N + L) and Hayakawa and lida (shown as H +
I ) .
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Few experimenters have measured the development of the wake beyond the point where the 
logarithmic regions of the original upstream boundary layers have disappeared from the 
cross-stream profiles. However the present measurements do extend well beyond this point 
and the location of the last streamwise position shown on figure 5.23, for the present case, 
is the last for which a logarithmic region, in y', is exhibited in the symmetric wake. It can 
be seen that the data of A + B, Pot and R, P + S all show the spreading of the inner wake 
through the logarithmic region to extend to greater downstream distances than for the 
present data set. This apparent Reynolds number dependence is thought to be due to the 
extent of the logarithmic region of the upstream boundary layers being strongly dependent 
on Ree, as shown by Erm and Joubert (1991) and confirmed and discussed in chapter 4.
Since the logarithmic region in the boundary layer increases in extent (when expressed in 
terms of y+) with Ree then this Reynolds number dependence is expected to be convected into
the wake until the logarithmic profiles are no longer apparent owing to their being 
'consumed' by the growth of the inner wake.
Note that some inaccuracies in the evaluation of the inner wake spreading for the other 
experimenters' results may be present since the data was, in general, taken from plots in 
the published papers. However any inaccuracies are certainly not large enough to discount 
the clear Reynolds number dependence shown on figure 5.23. In particular no inaccuracies 
of interpretation would be expected in Pot's data owing to his wake's spreading having been 
evaluated from tabulated data.
Nakayama and Liu present a plot of the spreading of the inner wake width, 5j, normalised on 
momentum thickness, and show that 8j is well correlated with 0 for all the Reynolds numbers 
covered in the range 810 < Ree < 5500. A straight line is shown as being able to describe
the variation over the whole range. However analysing the more detailed measurements of 
the present experiment indicates that a straight line is clearly not suitable for the 
description of this development. Figure 5.24 presents the spreading of the inner wake width 
with streamwise distance, both normalised using the momentum thickness at the trailing 
edge for the various experiments. From analysis of each of the data sets presented it seems 
that a set of second order polynomials fits the data far better than the single linear fit 
proposed by Nakayama and Liu. It can also be seen that the inner wake spreading, when 
normalised by the momentum thickness, is clearly dependent on Reynolds number with no 
simple dependence when expressed in these co-ordinates. Thus it seems that the inner wake 
scales on the wall unit variables at least up to x'+ of 1000 where Reynolds number 
dependence of the outer layer becomes significant.
Figure 5.25 shows the development of the wake centreline velocity UC|, with streamwise 
distance, normalised using the outer layer Ux. It can be seen that the present experimental
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data set shows considerably more detail than previous experimental studies, also presented 
on this figure. As well as this increased detail the present data is for a flow at lower 
Reynolds number than has previously been studied and contains measurements throughout 
the developing wake from a position very close to the trailing edge all the way through to the 
far wake. In the far wake the mean flow is well described by Townsend's classical far wake 
analysis, discussed in section 1.3 and included on figure 5.25 using the values of Ux and v 
typical of the present experiment. Though other experimenters' data does agree with 
Townsend's analysis this cannot be seen on this figure since the values of these parameters 
vary between the experiments.
The most upstream four points presented cover the range 301 < x < 302.5 mm where it is 
thought that a recirculation region exists. This region might be expected to scale on the local
Reynolds number where h is the thickness of the trailing edge and Ux the friction
v
velocity evaluated there.
Only Haji-Haidari and Smith (H-H and S) have presented the extent of their recirculation 
region which is given as being, on average, 15 streamwise viscous units long - equivalent to 
0.47 mm for their flow. For the present case the separation bubble is approximately 2 to 3 
mm long. This is consistent with the length of the bubble scaling on the local Reynolds
number which would be equal to 32.0 for the present case and 25.3 for the study of H- 
v
H and S. Care must be taken in drawing too much from this scaling argument since H-H and
S's Ux was evaluated a considerable distance upstream and, as a consequence, would
v
probably be noticeably reduced at the trailing edge due to boundary layer development and 
the strong adverse pressure gradient. Clearly any strong conclusions on this point are 
difficult to make owing to the difficulties in evaluating Ux at the trailing edge and the very 
limited data available for comparison.
Following the recirculation zone a region of linear growth of the centreline velocity is 
observed, as noted by Haji-Haidari and Smith (and possibly apparent in the less detailed data 
set of Hayakawa and lida) though with a different range, intercept and slope to their 
measurements. These differences are presumably due to the difference in the Reynolds 
number and the trailing edge geometries between the studies.
For the present study this linear region exists over the approximate range 100 < x'+ < 200 
and can be described, with a correlation coefficient of 0.998, by,
Uc|/Ux = 0.05 x'+ - 2.66
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It can be seen from figure 5.25 that Alber's region I expression, based on Goldstein's 
(1930) solution for a laminar wake, does not describe the flow in this region. It was 
thought by Alber that, in view of the viscosity dominated sublayer governing the growth of 
the inner wake in the immediate vicinity of the trailing edge, the similarities between this 
sublayer and a laminar flow would guarantee the laminar wake-like growth of the inner 
wake. However, the viscous sublayer is no longer, in general, thought of in quite so 
simplistic terms since the turbulent kinetic energy in this region is certainly non- 
negligible, and so Alber's solution should perhaps be expected to fail here.
Following the region of linear growth a 'buffer' region, analogous to that seen, though with 
cross-stream distance, for a turbulent boundary layer, is apparent in the approximate 
range 200 < x'+ < 500. The growth of U in this region can be well described by the second 
order polynomial,
Uc|/Ux = -2.75 x 10-5(x'+)2 + 0.033 x'+ + 2.48
and this region, for the present flow, extends from approximately 6.5 mm to 15 mm 
downstream of the trailing edge. This region has again been noted by Haji-Haidari and Smith 
but their wake was formed from boundary layers heavily influenced by the pressure 
gradient and so direct comparisons are inappropriate. This 'buffer' region of growth is 
within the range of Alber's region I solution which can again be seen to describe the flow 
unsatisfactorily.
Following the buffer region a clear region of logarithmic growth of the centreline velocity 
can be seen, as documented by Andreopoulos and Bradshaw (A + B) and noted by all 
researchers following their paper. For the present case this region extends from 
approximately x '+ of 500 to x'+ of 4000 and is well described, with a correlation 
coefficient between this curve and the experimental data of 0.998, by,
Uc|/Ux = 1.70 In x'+ + 1.49
It can be seen from figure 5.25 that differences in the slope and intercept of this region, for 
the different experiments, are apparent and these are thought to be due to differences in the 
Reynolds number, the flow geometries and the upstream boundary layer development for the 
various experiments. However, all the experimental data show a region of logarithmic 
growth governed by the general expression,
Uc|/Ux = A In x'+ + B
By taking the data for all the experiments, curves obeying this general formula were fitted, 
each giving a correlation coefficient greater then 0.998, over the ranges where a clear
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logarithmic dependence could be seen. The values of the 'constants' A and B so obtained for 
each data set and their approximate range of validity are included in the table below.
au tho rs Ree A B x ,+ min x ,+ max
present 540 1.68 1.56 500 5000
H + I 630 1.90 0.12 540 > 3700
N + L 812 1.62 2.73 < 460 > 7400
H + I 1345 1.98 -0 .2 2 440 > 2770
N + L 1414 1.67 2.78 < 870 > 13500
C + K 1580 1.83 1.16 310 > 15000
H-H + S 2500 2.64
CMO1 200 > 2500
Pot 2940 2.11 -0 .95 5680 77800
R, P + S 5200 1.76 2.38 3550 > 34000
A + B 13600 2.07 0.51 380 > 38000
Table 5.1 - Variation of logarithm ic growth parameters A and B fo r 
various experim ents
Note that the ranges are approximate owing to the limited resolution and extent of most 
previous experimental studies. Most of these have not measured through the entire 
logarithmic region and so the true extent of this region, for all experiments excluding the 
present one and that of Pot, cannot be established.
These curves, for the different experiments, are plotted in figure 5.26. It can be seen that, 
with the exception of the data of Haji-Haidari and Smith which was strongly affected by 
pressure gradients, a clear Reynolds number dependence of the logarithmic region is 
apparent - as previously noted by Nakayama and Liu (N + L) (1990). The present data, at a 
lower Reynolds number than for previous experimental studies, agrees well with the 
expected trend.
Plotting the 'constants' A and B shows no clear dependence of their values on the Reynolds 
number at the trailing edge, as shown in figure 5.27. If dependence of the 'constants' is a 
true Reynolds number effect then it is masked by the use of variable geometry wake 
generators for the various experiments. Pressure gradients of varying strength formed 
over the trailing edge regions of the generators may cause either an increase or decrease in 
the boundary layer thickness in this region and in the true value of Ux thus perhaps masking 
the true effects of changing the Reynolds number.
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However, Nakayama and Liu (1990) state that B is clearly Reynolds number dependent 
whereas A remains constant at a value of about 1.65. It should be noted that the correct 
values for B from their data are those plotted on their graph rather than those erroneously 
indicated in the text of their paper. Though most experimental data seems to be somewhat at 
odds with the fixing of a constant A and a Reynolds number dependent B, the present data 
show very good agreement with the trend in B, as shown in figure 5.28 and the 
approximately constant value of A despite the difference in the trailing edge geometries of 
the two flows, as indicated in appendix A4. It is possible that this agreement is coincidental 
and with only the one new case to present, and the disagreement of other experimenters, 
perhaps no further conclusions should be made on this point.
From figure 5.26 and the previous table, as well as the Reynolds number dependence of the 
slope and intercept of the curves, it can also be seen that the extent of the logarithmic region 
seems to vary from one experiment to the next. A detailed analysis of this phenomenon is 
difficult owing to the incompleteness of previously published data through the logarithmic 
region. However the present data and that of Pot, at higher Reynolds number, do extend 
throughout. The present data set shows the logarithmic region extending over the range 500 
< x,+ < 4000 whereas Pot's data exhibits logarithmic growth in the range 5680 < x'+ < 
78000. Thus it seems reasonable to conclude that the extent of the logarithmic region 
increases with increasing Reynolds number. The start point for the logarithmic region 
appears to depend on the geometry of the wake generator as well as the upstream flow 
conditions and so little can be concluded about the Reynolds number dependence of this point. 
However, as will be shown later, the influence of the upstream flow conditions, on the mean 
flow at least, should be negligible by the end of the logarithmic region which coincides with 
the growth being described by Townsend's self-preserving analysis. Thus it seems that the 
outer limit of the logarithmic region is also dependent on the flow Reynolds number, as 
indicated by the majority of the experimental data.
As stated in chapter 1 the influence of the Reynolds number on the inner region of the wake 
is perhaps to be expected since the large eddies, known to be dependent on Ree from boundary
layer studies including that presented in the previous chapter, periodically cross the wake 
centreline, as shown by Andreopoulos and Bradshaw (1980) and Haji-Haidari and Smith 
(1988).
Alber's region II solution is based on an assumed linear eddy viscosity variation across the 
layer and the existence of similarity solutions in terms of wall variables. It can be seen that 
Alber correctly predicts the existence of a region of logarithmic growth of UC| though the 
solution allows for no Reynolds number dependence and gives a value of the slope 'constant' A
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equal to 1/k = 2.44, where k is von Karman's constant, which is high compared to all the 
published experimental data with the exception of the data of H-H + S.
Following the end of the logarithmic region, and as shown in figure 5.25, the growth of UC| is 
well described by Townsend's self-preserving analysis. Again note that, on this plot, 
Townsend's values for the decrease of the wake deficit with streamwise distance, have been 
normalised using the Ux as found for the present experiment and thus concordance with the 
other experimental curves presented is not to be expected. This region shows another 
decrease in the rate of growth of UC|, as shown from the plot of the strain rate dU/dx 
presented as figure 5.16.
Recapitulating it can be said that the flow beyond the trailing edge is characterised by a 
small recirculation region followed by the growth of an inner wake which spreads through 
the remnants of the upstream boundary layers which are convected downstream. As seen 
from the mean flow results presented in figures 5.21 and 5.22 the profiles gradually alter 
with streamwise distance as the inner wake spreads outwards.
As the inner wake spreads through the remnants of the original upstream boundary layers 
the edge of the inner wake propagates through the different parts of the inner layer; the 
viscous, buffer and logarithmic layers. These influence how the mean velocity varies with 
cross-stream distance from the wake centreline.
In conjunction with the spreading of the inner wake through these layers is the development 
of the velocity along the wake centreline which itself can be thought of as being split into 
several discrete zones such as the linear and logarithmic growth regions etc. as explained 
earlier in this section.
It was thought possible that the outer edge of the inner wake may spread at a different rate 
depending on which sublayer of the original boundary layer it was propagating through and 
these changes may be reflected onto the wake centreline and thus might also govern the 
growth of UC|. For instance when the inner wake spreads out of the original logarithmic 
layer and into the outer region then this change might correspond, in streamwise distance, to 
a change in the region of development of UC|/Ux.
With this in mind the values of y+ which corresponded to the extent of each sublayer in the 
boundary layer at x = 298 mm were evaluated. For these values of y+ the outer layer 
friction velocity was used, as described in chapter 4, and also used for the normalisation of 
x'. An offset corresponding to half of the plate thickness was then applied to the y-values, 
and the corresponding sublayer laws. The values so calculated were,
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viscous sublayer 
buffer layer 
logarithmic layer 
outer region
0 < y+ < 23 
23 < y+ < 35 
35 < y+ < 120 
120 < y+ < 303
A summary of the extents of the wake centreline velocity growth regions, as given above, is,
By transforming the y+ values corresponding to the different regions of the upstream 
boundary layers to streamwise distances, using the inner wake spreading chart presented as 
figure 5.23, the following values were obtained,
These values are only approximate and depend on the discretisation of a smooth profile 
basically by eye. However it can be seen that the extent of the logarithmic region of wake 
centreline growth does approximately tie in with the extent of the logarithmic region in the 
original boundary layer.
In order to test this it was decided to use the tabulated data sets of R, P + S and Pot. Pot’s 
inner wake spreading curve is different to those of the majority of other experimenters and 
the analysis thus proved very difficult for this case. For R, P + S the data set is not detailed 
enough for any strong conclusions to be made but tentatively their data does agree 
approximately with the concurrence of the two logarithmic growth regions, as for the 
present data set.
In view of the similarities between the mean velocity profiles in the boundary layer and the 
wake centreline velocity growth, Haji-Haidari and Smith (1988) attempted to transform 
the boundary layer profile onto that for the growth of UC|. By attempting a linear 
transformation of their boundary layer data it was found that a value of k, where k is defined 
in y+ = kx'+ , was a variable in the range 0.10 < k < 0.12. Further details of this work are 
given in chapter 1. This simple transformation for the current data set was attempted and
recirculation region 
linear growth region 
buffer region 
logarithmic region 
self-preserving region
0 < x,+ < 100
100 < x,+ < 200 
200 < x,+ < 500 
500 < x,+ < 4000 
4000 < x,+
viscous sublayer 
buffer layer 
logarithmic layer 
outer region
0 < x'+ < 92 
92 < x,+ < 365 
365 < x'+ < 3820 
3820 < x'+ < 25000
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no fit could be achieved. In view of the pressure gradient over their model and the high angle 
of their tapered trailing edge the value for the 'constant' A in the logarithmic centreline 
growth region was found, fortuitously, to be close to the value of the reciprocal of the von 
Karman constant as featured in the logarithmic law for a boundary layer. As shown by 
figure 5.26 the gradient and intercept of their logarithmic region are far different from 
those of other experiments, including the present one, and so this transformation cannot 
describe the other data sets well.
Figures 5.29 and 5.30 present the mean lateral velocity, V, profiles normalised on the free 
stream velocity Ue, from x = 298 to 1240 mm. These profiles have been evaluated by 
integration of the continuity equation as described in section 3.6. The values of the integrand 
9U/3x were averaged across both sides of the wake prior to integration.
It can be seen that the profiles are anti-symmetric with negative values of V being seen on 
the positive side of the wake and vice versa. This is to be expected since, throughout the 
wake and the pressure gradient affected parts of the upstream boundary layers, 9U/9x is 
positive which implies a negative 3V/5y. Since V is zero on the wake centreline then clearly 
it must reduce from this value, and thus be negative, with increasing lateral distance.
V rises rapidly in magnitude following the trailing edge and peaks at approximately x = 304 
mm before falling to the boundary layer values by approximately x = 315 mm. This 
reduction in the peak values occurs throughout the rest of the wake and smooth profiles are 
seen as far downstream as x = 1240 mm, in the far wake. V was also evaluated by 
measurement though these results do not agree well - being considerably higher in 
magnitude - with those evaluated by integration presumably due to low velocity calibration 
problems.
The developments of the displacement and momentum thicknesses, 6* and 0, and the shape 
factor, H, are shown in figures 5.31 and 5.32, the latter being a more detailed plot of the 
upstream part of the symmetric wake. The dimensional distances and thicknesses have been 
normalised by twice 0O, the average momentum thickness of the upstream boundary layers at 
x = 298 mm.
It can be seen that §*, 0 and H all undergo a rise immediately after the removal of the wall 
constraint, presumably due to the 'infilling' of the region just behind the trailing edge. 
Hayakawa and lida also noted the rise in 0, prior to it reducing to an almost constant value 
through the wake, as it also does for the present experiment, as shown on these figures.
178
From the figures it can be seen that the variation of b and Wo with streamwise distance is 
consistent with Townsend's self-preservation analysis. However it should be noted that this 
concurrence is a necessary though not sufficient condition for stating that the flow is self­
preserving. This proof would require the comparison of the cross-stream profiles scaled 
on b and Wo.
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The reduction in 8* is far more noticeable than that in 0 and this gives a similar reduction in 
H with streamwise distance. Of course, at the limit, 8* will be equal to 0 thus H will 
asymptote to unity.
The streamwise variation of H is again shown in figures 5.33 and 5.34, plotted along with 
data from other experiments. Upon first examination of figure 5.33 it seems as though the 
development of H is very similar for all the data sets. However, in the near wake region, as 
shown in figure 5.34, it can be seen that clear differences are apparent between the various 
experimental results. These differences appear to be due to the different flow parameters 
and geometries near the trailing edges for the various experiments. Consequently any 
Reynolds number effects are difficult to conclusively evaluate here.
Figures 5.35 and 5.36 present the streamwise variation of the centreline velocity deficit, 
Wo, for the various experiments studied. Again, when this variation is plotted through to 
the far wake, as for the first of these figures, it seems that the development of Wo is the 
same for all experiments. However as shown in figure 5.36 and discussed at length 
previously in this section, this is not the case owing to the different experimental 
configurations. From these plots it can be seen that Townsend's far wake solution predicts 
the far wake growth well, as shown by its agreement with the present data set and Pot's 
results. Alber's region II solution also describes part of the development well, as shown in 
figure 5.36.
Figures 5.37 and 5.38 present the variation of the wake half width, b, with streamwise 
distance downstream of the trailing edge for those data sets where b was either explicitly 
presented or where access to the entire data set was available. For the present experiment b 
was calculated as described in section 3.6. It can be seen that, in the far wake, b/0 is 
proportional to x'/00-5 as given by Townsend's analysis. Nearer the wake generator the 
values of b are considerably influenced by the differences in the experimental set-ups.
The variation of Wo with H is shown in figure 5.39. This plot clearly indicates the standard 
growth through the far wake to the asymptotic values of zero and unity respectively for 
these quantities. Further upstream, indicated by high values of Wo and H, the profiles for 
the different experiments begin to diverge for the same reasons discussed above for the 
variation of the other integral parameters.
5.3 - Reynolds stresses for the symmetric wake
Turbulence measurements, using the single hot wire, SHW, and the X-wire probe, comp. 
XW, were made at several stations downstream of the trailing edge of the plate. Other probes
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were also used for measurements in order that probe resolution effects could be better 
understood. For the figures to be presented in conjunction with this section of writing, as 
explained in section 5.1, different probes were used where a change of probe could be 
justified. For all the measurements presented in this section no corrections have been 
applied for rectification of the signal.
Figures 5.40 and 5.41 show the development of the streamwise oriented Reynolds stress, 
u2 , normalised by the free stream velocity, against the cross-stream distance, y'. The 
profiles at fifteen different measurement stations, from 2 mm upstream of the trailing edge 
(shown as x = 298 mm) to a position 1660 mm downstream of the trailing edge of the plate 
(shown as x = 1960 mm) are presented. For the measurements in the boundary layer at x = 
298 mm the cross-stream distance has again been modified by one half the trailing edge 
thickness to take into account the shift in the datum of y that occurs at the trailing edge.
Figures 5.42 and 5.43 show the same measurements normalised by the 'outer layer' Ux 
value at x = 298 mm, as discussed in the previous chapter. These u2/Ux2 values are plotted 
against the magnitude of the cross-stream distance, expressed in wall units, thus enabling 
the extent of any asymmetry of the profiles to be assessed.
Following the trailing edge the peak value of u2 increases rapidly to become a maximum of 
38 % larger than the peak value of u2 in the boundary layer. This maximum occurs at 
approximately x = 305 mm. The twin peaks then decrease, reaching their boundary layer 
values by x = 308 mm. The proposed corrections of Tutu and Chevray, discussed in section 
5.1, will clearly affect the magnitudes of the quantities measured in the near wake but do not 
affect the profiles to the extent where the physical phenomena reported in this section would 
no longer be seen.
As the inner wake spreads the profiles are marked by a gradual departure from the original 
boundary layer values, in a manner qualitatively similar to that seen for the mean velocity 
profiles in the previous section. Figure 5.44 shows the extent of the spreading of the inner 
wake based on the u2 profiles. These [ profiles were evaluated at the positions where the 
wake u2 profiles begin to depart from the profiles of the remnants of the upstream boundary 
layers. Also included on this plot is the spreading of the inner wake when based on the mean 
velocity profiles, as presented in the previous section. It can be seen that the effects of the 
growth of the inner wake extend further out into the wake for the values of u2 than for U. 
This feature of the developing turbulent wake has also been noted by Nakayama and Liu for 
wakes with the higher Reynolds numbers of 812 and 32:13.
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Figure 5.45 compares the spreading of the inner wake, based on u2 , for the present 
experiment compared with that for other experiments. It seems as though a distinct 
Reynolds number dependence is apparent though the quantitative effect of the change in Ree
is difficult to assess owing to the different flow geometries used for the various experiments. 
However it does seem fair to say that the spreading of the inner wake, when expreissed in 
terms of where u2 is affected, is more rapid with increasing Reynolds number.
Figure 5.46 shows the development of u2/U t2 along the wake centreline, compared to other 
experimenters' data. It can be seen that, following the initial recirculation region (where 
the measurements are likely to be spurious) which extends up to xl+ = 100, a rapid rise in 
u2 occurs which peaks at approximately the same streamwise location as for the twin peaks 
observed in the cross-stream profiles discussed earlier. Along the centreline the only 
generation term for u2 is -u 23U/3x which, in a wake, must give a 'negative production' 
owing to the acceleration along the wake centreline giving positive 5U/3x. However from 
figure 5.46 it can be seen that the value of u2 rises rapidly following the trailing edge. It 
seems that this rise, despite the negative production of u2 in this region, must occur 
through turbulent transport or redistribution via the pressure strain term in the Reynolds 
stress transport equation for u2 . The Reynolds stress transport equations will be discussed 
further in section 5.6.
Vortex shedding from the trailing edge of wake generators has been noted by some 
experimenters. Shedding does occur behind the plate for the present experiment as will be 
shown in section 5.5 which presents results of spectral traverses in the near wake. This 
shedding will, according to Althaus (1990) increase the magnitudes of both u2 and v 2 .
It can be seen from figure 5.46 that other experimenters' data agrees qualitatively well with 
the present data set. Conclusions as to the Reynolds number dependence of u2 along the 
centreline are difficult to make due to flow geometry and probe resolution differences 
between the various experiments. However it seems fair to say that Reynolds number 
effects, in both the magnitude and extents of the different regions of development, will be 
present - as for the mean flow reported earlier.
Figures 5.47 and 5.48 present the measured values of v 2 throughout the wake, normalised 
by Ue2, extending from x = 298 to 1960 mm. It can be seen that the effects of the removal 
of the trailing edge are much more dramatic for v 2 than for u2 . This, perhaps, is to be 
expected owing to the removal of the impermeability condition, V = v' = 0, at the end of the 
plate.
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At x = 298 mm, owing to this condition, v 2 at the wall must clearly be equal to zero. Two 
plate thicknesses downstream of the trailing edge, at x = 302 mm, this dip in the v 2 
profiles is still seen though the centreline value of v 2 is now finite. This minimum in the 
profile has disappeared by x = 303 mm however and at x = 305 to 306 mm the centreline 
value exhibits a dramatic peak. The double peaks exhibited by the u2 profiles are not 
present here.
Following this central peak the profiles spread and decrease in magnitude, as also indicated 
in figures 5.49 and 5.50, with the major changes occurring in the inner region, consistent 
with the development of the inner wake as discussed earlier. By x = 340 mm, compared to x 
= 308 mm for the u2 profiles, the peak value of v 2 has, approximately, fallen back to the 
original boundary layer values. Slight minima near the centreline are present downstream 
of x = 400 mm.
Vortex shedding is expected to contribute to v 2 (as well as u2) but it must also be said that 
probe resolution problems, mainly associated with the separation distance between the two 
wires of the X-wire probe, are particularly prevalent for measurements of v 2 - as 
discussed by Suzuki and Kasagi (1993). As shown in appendix A5 the wire separation for 
the X-wire probe used for these experiments was 0.54 mm which corresponds to 
approximately 18 viscous units and 11 Kolmogorov length scales on the centreline.
Rectification errors are also expected to be large just downstream of the trailing edge, 
particularly in the inner wake region as shown in figures 5.5 to 5.9. By x = 308 mm 
errors in v 2 due to rectification of the signal were all under 5 % and reduce with 
downstream distance. All the rectification errors in v 2 are in the same sense and imply that 
the measured values of v 2 should be reduced in magnitude. Even allowing for these 
corrections the qualitative picture of the v 2 distribution throughout the wake, as presented 
in the figures discussed above, appears to be correct.
An analysis of the effects of the spreading of the inner wake on v 2 is more difficult to 
complete than for either the mean flow or u2 owing to the profiles not collapsing as neatly 
onto;a single curve in the outer region as, perhaps, might be expected. This is likely to be 
due to probe effects and no firm conclusions on this can be presented.
The variation of v 2/Ux2 along the wake centreline is shown in figure 5.51. Data from other 
experiments is also included on this plot though, due to its sparsity, no realistic conclusions 
can be made based on these comparisons though, as for the u2 C| distribution, the qualitative 
agreement is good. Again Reynolds number effects are to be expected though these are masked
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by the variation in the flow geometries and probe resolution effects, which are expected to 
be more critical for v 2 than u2 .
The v 2 cl profile follows the same trends as for u2 C| though the peak value is 30 % greater 
than that for u2 . It should be remembered that u2 C| was evaluated using a single hot wire 
probe (SHW) whereas v 2 was measured using a X-wire probe (comp. XW).
Figure 5.52 presents the measured values of w 2 normalised by Ue2 for the cross-stream 
profiles from x = 298 mm to x = 400 mm, corresponding to 100 mm downstream of the 
trailing edge of the plate. These measurements are also presented, normalised on inner 
layer scales, in figure 5.53. Again overshoots in the profiles are indicated with the 
maximum w 2 increasing by 50 % from the upstream boundary layer values at a position 4 
mm downstream of the trailing edge. The magnitude of w2 then decreases and reaches the 
initial boundary layer values between x = 310 and 320 mm. It is interesting to note that 
the twin peaks of the boundary layer profiles are not present at x = 304 mm though they 
reappear further downstream. It should be noted that a single peak on the centreline is also 
a feature of the v 2 profiles discussed earlier and appears within the region where the 
results are subject to considerable uncertainty owing to the high values of turbulence 
intensity in the near centreline region of the inner wake. It is possible that this temporary 
peak in w 2 is indicative of probe resolution problems though the data sets of Pot and 
Ramaprian, Patel and Sastry also indicate centreline peaks in w2 at their first measurement 
locations despite the fact that their turbulent intensities at these points were very much less 
than at x = 304 mm for the present experiment. Their data also indicates the reappearance 
of the twin peaks at stations further downstream. Clearly, since all these measurements 
utilise the same measurement technique, X-wire anemometry, then it is possible that the 
probe effects influence all the three data sets in this region.
Figure 5.54 shows the growth of w 2 along the wake centreline, scaled on inner layer 
variables. Again the data agrees qualitatively well with the other normal Reynolds stress 
profiles, presented earlier, and with those produced by other experimenters.
Figures 5.55 and 5.56 present the measurements of the Reynolds shear stress, uv, 
throughout the wake from the boundary layers at x = 298 mm to the far wake at x = 1960 
mm. Some slight asymmetry is apparent in the measurements and this is thought to be due 
to slight alignment errors in the positioning of the sub-miniature X-wire probe. Many 
other experimenters have noted that, though their wakes were thought to be highly 
symmetrical, based on single wire measurements in either the upstream boundary layers or 
in the wake itself, X-wire traverses show the wake to be slightly asymmetrical. For all the 
wakes used for comparison here these asymmetries are present and, in general, are far
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more severe than for the present data set. Hirota et al. (1988) noted these asymmetries 
when studying a turbulent duct flow. It was found, and presented as a solution to the 
problem, that by traversing the flow with two X-wire probes, one the mirror image of the 
other, and taking the arithmetic mean of the two measurements that the expected symmetry 
of the profiles was regained. Clearly this method requires a doubling of the time required 
for any experiment and so was not thought suitable for the present measurements.
The uv profiles are anti-symmetric, as expected, and show, approximately, a value of zero 
shear stress on the wake centreline. Here v' would indicate no directional preference and so 
this zero value is to be expected. The results are further presented, normalised by the 
'outer layer' friction velocity at x = 298 mm, in figures 5.57 and 5.58 which show the 
asymmetry more clearly.
Again the major influences of the removal of the wall constraint are confined to the inner 
region, consistent with the growth of the inner wake, while the outer layer profiles exhibit 
approximate agreement with the boundary layer outer region values.
Clear overshoots are also apparent in the uv profiles. Again the peaks are dramatic, as for 
the v 2 profiles, presumably due to the relaxation of the impermeability condition and 
vortex shedding from the trailing edge. By x = 302 mm new 'shoulders' in the inner region 
of the profiles have become apparent as noted by other experimenters, and these become 
greater in extent until about x = 305 mm, where they have become large inner layer peaks 
superimposed on the outer region, boundary layer-like, profiles.
Averaging the profiles across both sides of the wake, to get rid of the supposedly erroneous 
asymmetry in the measurements, shows the increase in the magnitude of uv to be about 200 
%, compared to the boundary layer peak values, by x = 305 mm. The peaks then decrease in 
magnitude and are reduced to their original boundary layer values by approximately x = 
340 mm. The downstream extent of these overshoots is comparable to that observed for the 
v 2 profiles discussed earlier. The assessment of the accurate extent of the overshoots' 
magnitude is again complicated by probe resolution and rectification errors, though Browne 
et al. (1988) state that the effects of wire separation on uv profiles should be negligible.
The fact that the overshoots are seen in the uv profiles, and last for much the same 
downstream distance as those present in the v 2 profiles indicates that they are clearly a 
physical phenomenon and not purely due to probe resolution effects. It is however possible 
that the magnitudes of v 2 in the near centreline near wake are overestimated due to wire 
separation effects.
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The turbulence intensities in the three orthogonal directions are shown from x = 298 to 
340 mm in figures 5.59 to 5.61.
5.4 - Third order moments for the symmetric wake
The gradients of the third order products represent the components of the turbulent 
transport tensor in the Reynolds stress transport equations and are thus of great importance 
for understanding the detailed structure of a flow.
Few measurements of the third order moments in the symmetric wake have previously been 
presented. Townsend (1949) and Fabris (1983a, b) have presented measurements of some 
of the third order moments in the far wakes of cylinders but only Andreopoulos (1978) and 
Nakayama and Liu (1990) have, to the author's knowledge, presented measurements in the 
developing wake - both these experiments being in the wakes of flat plates.
Figures 5.62 and 5.63 present the measurements of u3 from x = 298 mm to x = 1960 mm 
normalised by the free stream velocity. This data is also presented, in figures 5.64 and 
5.65, normalised by Ux3. Only Andreopoulos presents data of u3 though, presumably, 
Nakayama and Liu present this data in their 1988 report - unavailable to the author for 
comparison. This data agrees qualitatively well with the data from the present experiments 
though quantitative comparisons are difficult. It can be seen that the u3 profiles are 
symmetric in shape as expected since the predominant correlation of u' and u2 is the same on 
both sides of the wake.
Following the trailing edge the central value, still very close to zero at x = 301 mm, rises 
rapidly and, again the major effects of the removal of the plate are confined to an inner 
region while the outer region remains similar to the profiles for the upstream boundary 
layers. It is thought that the negative peaks, on either side of the wake centreline, should 
also perhaps collapse onto a single curve, at least for some distance downstream. It is 
thought that the reason this does not occur is due to experimental scatter. With increasing 
downstream distance the u3 profiles spread, consistent with the outward spread of the wake, 
and the peak values of u3 reduce considerably. The overshoots, as seen for the Reynolds 
stresses, are apparent in the u3 profiles though the boundary layer profiles do not extend 
close enough to the plate surface to show the presumed decrease to zero at the wall. 
However, between x = 301 and 305 mm the peak value of u3 does rise, by about 40 %, 
indicating the presence of the overshoots in the u3 profiles. The reason for the paucity of u3 
data, when compared to that for the u2 measurements, is due to the third and fourth order 
sub-routine not having been written at the time of some of the earliest measurements. The
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trends exhibited by the profiles change little with downstream distance and even at x = 1960 
mm, the same trends are apparent, though this is not apparent from the figure presented due 
to the small values in the far wake.
Figures 5.66 to 5.67 present the profiles of uv2 from x = 298 to 1960 mm, normalised by 
Ue3 and inner layer scales. Again the shape is symmetric as expected. A very dramatic peak 
is apparent on the wake centreline. Owing to the use of a X-wire probe to measure this 
quantity the distribution of uv2 near the wall, for the upstream boundary layers, could not 
be ascertained and so the extent of the peak at the maximum at x = 304 mm over these values 
cannot be quantified. However, presuming the x = 302 mm values to be close to the 
boundary layer values, which seems reasonable from the u3 and Reynolds stress profiles, 
then the maximum value on the centreline is twelve times the maximum value in the 
boundary layer, and of opposite sign. The double positive peak seen at x = 302 mm quickly 
coalesces to form a single peak on the centreline and this remains throughout the rest of the 
wake. By x = 340 mm the maximum value has reduced to the estimated maximum value in 
the boundary layer, as for the measurements of v 2 and uv. Approximate similarity is again 
seen in the outer region of the near wake though the effects of the spreading of the inner 
wake on this quantity are difficult to determine accurately due to scatter and/or probe 
effects on the flow.
Nakayama and Liu present profiles of uv2 for their boundary layers with Ree of 812 and 
3213 and the same general trends are apparent. The magnitudes of the measurements are 
also similar though this is difficult to see when comparing the plots owing to their first 
measurement point being at about yl+ = 30 and thus their profiles do not exhibit the large 
rise in the value of uv2 near the wake centreline shown inwards of y,+ of 30 for the present 
experiment, in figures 5.68 and 5.69.
Andreopoulos also presents measurements of this quantity at a few positions in the 
symmetric wake and again good qualitative agreement is apparent. Fabris (1983a) 
presented measurements of this quantity in the far wake of a cylinder. Qualitative 
agreement is excellent though higher values of the quantities are found for the present 
experiments though these differences are to be expected.
Figures 5.70 and 5.71 present measurements of the quantity uw2 from x = 298 to 400 mm, 
normalised on Ue3 and Ux3 respectively. Considerable scatter is apparent in the near 
centreline data at x = 302 mm. It should be remembered that the presence of the 
recirculation region here will give spurious measurements. Overshoots are again apparent, 
as for the other third order quantities discussed and are similar in downstream persistence 
to the overshoots in w 2 discussed in the previous section. Also similar to these profiles is
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the peak in the profiles, seen at the wake centreline at the x = 304 mm location. This again 
quickly disappears and the twin positive peak seen for the upstream boundary layers is 
regained by x = 340 mm. The same differences in uw2 , compared to u3 and uv2 as discussed 
in the last chapter, are still apparent in the near wake though by x = 340 mm they seem to 
have disappeared.
No measurements of this quantity have been reported, to the author's knowledge, in the 
developing symmetric wake though Fabris (1983a) has presented profiles in the far wake of 
a cylinder. The profiles are quite similar to the last downstream station for the present 
measurements (not in the far wake) though his data show a zero value on the wake 
centreline. This is not seen in the other third order moment profiles for the present 
experiment, between x = 400 mm and x = 1960 mm, where the far wake seems to have 
become established. The reasons for this apparent discrepancy are not known.
The three quantities u3 , uv2 and uw2 make up the quantity uk, the streamwise gradient of 
which appears in the Reynolds stress transport equations. The relative importance of each 
of the three quantities along the centreline of the wake can be discerned from figure 5.72 
which plots these quantities normalised by Ux3. It can be seen that uv2 reaches the highest 
value followed closely by u3 and then, at about 40 % of these magnitudes, uw2 . It can also 
be seen from the curves that the peak value occurs earliest for uw2 , then for u3 and finally 
for uv2 though it is possible that these differences are due to errors in probe resolution or 
probe placement. To bring these peaks onto the same x-position would require a maximum 
shift of only 0.8 mm. The profiles all show the same trends with a peak occurring at around 
the x = 305 mm point before the values decay, rapidly at first and then more gradually. The 
same trends and relative importance of these terms along the centreline are also exhibited on 
the centreline plots for the normal Reynolds stress components presented in the last section. 
That is, the components of uk along the centreline vary, relatively, in the same manner as 
the components of k.
Plots of the component u2v  are presented in figures 5.73 to 5.76, for locations from x = 
298 to 1960 mm. It can be seen that the plots are closely anti-symmetric in accordance 
with the change of sign of v' at the centreline. For the plots presented normalised on inner 
layer scales both sides of the wake are shown plotted against the magnitude of y'+. The same 
growth of the inner wake can be seen as for the other third order moments with the outer 
layer measurements approximately collapsing onto a single curve, until at least x = 400 
mm. Little change is exhibited between x = 298 mm and x = 302 mm and following this 
point peaks are again seen to grow, positive on the positive side and vice versa. By x = 304 
mm the maximum and minimum values appear to have peaked in magnitude though
187
Chapter 5 - The developing symmetric turbulent wake
measurements at x = 308 mm appear to show high values persisting further downstream 
than for the other third order moments. It is possible that this profile is erroneous though 
there is no independent reason for believing so. The boundary layer maximum values, if 
taken as being similar to those at x = 302 mm, appear to have been reached again by between 
x = 320 and 340 mm.
Broadly similar trends, though again in much reduced detail, can also be seen in the 
measurements of Andreopoulos and those of Nakayama and Liu for the developing wake. Also, 
the measurements of Fabris indicate similar trends in the far wake to those seen for the 
present experiments.
Profiles of v 3 for the same streamwise range are shown in figures 5.77 to 5.80. Similar 
trends to those discussed above for u2v  are shown in these measurements, though the 
magnitudes are somewhat reduced. The asymmetry caused by slight probe asymmetry and 
wire drift is again present for these plots. The data of Andreopoulos shows good qualitative 
agreement with the present results but a small discrepancy with the measurements of 
Fabris is apparent in that his profile exhibits no negative region, on the positive side of the 
wake (and vice versa), very close to the centreline. It is possible, however, that this small 
region will disappear with downstream distance though misalignment problems might be the 
cause of this discrepancy. Fabris (1979) reports that only one position was measured on 
the negative side of his wake. The third component of the quantity vk, vw2 , was not 
measured for the present experiment.
Profiles of the streamwise skewness factor Su', are plotted in figures 5.81 and 5.82 from x 
= 298 to 1960 mm. These clearly indicate that an assumption of a Gaussian turbulence 
distribution - which implies Su' = Sv1 = 0 - for the purposes of correction of the 
turbulence results for rectification errors, as supposed by Tutu and Chevray, will be 
considerably in error. The very high levels of Su' seen in the profile at x = 301 mm are 
probably erroneous owing to the existence of the recirculation region and the profile at x = 
305 mm is reduced near the centreline when compared to this. The profile at x = 340 mm, 
on first sight, appears to be a little high on the centreline though when this is compared to 
the results further downstream it seems that this is not the case. As the fluid moves 
downstream the centreline value of Su' reduces as expected. At the limit, where the flow 
should be irrotational, Su1 should be approximately zero. Of course this depends on the 
ability of the wind tunnel used to produce isotropic turbulence in the free stream. The 
highly negative values of Su' in the outer region of the profiles are caused by intermittency 
effects.
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Fabris (1983b) presents plots of Su' in the far wake of a cylinder and these agree, 
qualitatively, very well with the present experimental results in the far wake. No other 
experimenters have, to the authors knowledge, produced variations of Su' in the developing 
wake though the values could be determined from the experiments of Andreopoulos.
Figures 5.83 and 5.84 show the variation of the lateral skewness factor, Sv', across the 
wake for various distances downstream of the trailing edge of the plate. The anti-symmetry 
is to be expected due to the position of the datum for y', on the wake centreline. The zero 
value of Sv' on the wake centreline is also to be expected because of this anti-symmetry of 
the profiles.
The differences observed, between Fabris' results and the present ones, in the profiles of 
v 3 , are again seen for the Sv' profiles. This is to be expected owing to the formulation of the 
skewness factor - Sv' = v 3 /  v 2 3/2. Fabris states that the reason for his profiles increasing 
throughout the wake is due to a sustained, vigorous outward movement of turbulent fluid. 
Clearly the present results also indicate a near centreline region where the turbulent fluid 
moves inwards. This will be discussed in more detail in section 5.6.
Measurements of the fourth order products, presented by Fabris in the form of Kurtosis 
factors, have also been made throughout the wake but, due to space considerations, these have 
not been included in this thesis.
5.5 - Vortex shedding in the symmetric wake
Spectral measurements of the fluctuating streamwise component, u', were made using the 
subminiature single hot wire probe (sub. SHW) in the boundary layer on the positive side of 
the plate at x = 295 mm and across the wake at x = 305, 310 and 340 mm. The wake 
spectra agreed very well on both sides of the centreline and so only one half of the spectra 
will be presented here.
The spectra at x = 295 mm are presented in figure 5.85. Note that the y values indicated on 
the plot are those using the plate surface as the datum position - not the wake centreline as 
for the remainder of this chapter's plots. No clear inertial subrange exhibiting the standard 
-5/3 slope is apparent from these plots owing to the low Reynolds number of the boundary 
layer, approximately Ree = 540. The spectra are typical of low Reynolds number turbulent
boundary layer spectra as presented by Erm and Joubert (1991).
The u' spectra at x = 305 mm, presented in figure 5.86 for cross stream positions from y' = 
0.00 to 2.97 mm clearly show the presence of vortex shedding from the trailing edge of the
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plate. This is indicated by the presence of definite peaks in the spectra. On the wake 
centreline, the lowest plot on this figure, a peak occurs centred at a frequency of about 2610 
Hz. As the distance from the centreline is increased it can be seen that this 'bulge' in the 
profiles begins to decrease in magnitude. At the same time another peak, centred at a 
frequency of about 1305 Hz - half the centreline frequency - becomes apparent, distributed 
about the central frequency in a similar manner. The magnitude of this peak increases out to 
y' of 0.68 mm - just above the surface of the plate - before decreasing with outwards 
distance until the shedding has completely disappeared by y' of 2.72 mm. This halving of the 
shedding frequency, fs, is indicative of alternate shedding with the probe on the centreline 
'seeing' the vortices shed from both sides of the plate at a frequency of 1305 Hz and thus 
producing the spectral peak at double this frequency.
As stated by Althaus (1990) the existence of vortex shedding in the wake of a flat plate 
increases both u2 and v 2 in the near wake. However no v' spectra were measured during the 
course of the experiment owing to time constraints and this being outside the original aims 
of the project and so the relative importance of the shedding to the overshoots in v 2 in the 
wake could not be evaluated.
Other experimenters, for example Ramaprian, Patel and Sastry (1982), have hypothesised 
the presence of vortex shedding and Hayakawa and lida made measurements of the v' spectra 
along the centreline of the near wake for varying Reynolds numbers. Their presented 
measurements indicated a gradual reduction in the dominant shedding frequency with 
increasing streamwise distance.
As stated in Gough and Hancock (1996), included as appendix A1 of this thesis, the flow 
outside the inner region may be reasonably be supposed to act, in effect, as a free stream. 
Defining the Strouhal number St, as,
St = fs h/U
and taking the outer edge of the inner layer, at about y'+ of 50, then the Strouhal number 
based on the velocity at this point would be 0.16 which is remarkably similar to that 
observed for bluff bodies. Furthermore, the streamwise turbulence intensity at this point 
is about 10 %, and supposing the fluctuations to be Gaussian would imply a quasi-steady 
frequency spread of ± 0.3 fs, which indeed is observed.
Figure 5.87 shows the u' spectra across the positive side of the wake at x = 310 mm, 10 mm 
downstream of the trailing edge. The double shedding on the wake centreline is now barely 
discernible and the magnitude of the shedding from the positive side of the plate has 
diminished noticeably. In conjunction with this the region where the shedding can be
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observed has migrated outwards, consistent with the spreading of the inner wake. The 
maximum contribution of the shedding to u2 now occurs at y' of 0.80 mm compared to y' of 
0.61 mm at x = 305 mm. Significantly, the frequency of the shedding does not change 
between x = 305 and 310 mm.
Figure 5.88 presents the u' spectra at x = 340 mm. It can be seen that no shedding is 
apparent at this streamwise location.
By plotting f.E(f) against the frequency, as shown in figures 5.89 and 5.90, the area under 
the spectral curve can be integrated, with respect to (In f), to give the measured value of 
u2. In order to roughly evaluate the contribution of the vortex shedding to the measured 
values of ^  a smooth line was fitted to the profiles with the shedding 'bulge' being removed ! 
from the data - as shown on these figures. By integrating under this curve the amount of ; 
energy that would have been present without the shedding was evaluated for the different 
measurement locations at x = 305 and 310 mm where the shedding was obviously present.
Figures 5.91 and 5.92 present the values of u2 measured by the subminiature single hot 
wire traverses at these positions compared to the values of u2 calculated by the above 
method, that would have been present if shedding from the trailing edge had not occurred.
The maximum value of the shedding's contribution to u2 is about 23 % at x = 305 mm. For 
x = 310 mm the maximum value was about 14 %. The scatter apparent on the plots is 
thought to be due to the inaccuracies present in the technique of applying the 'zero shedding' 
line. Note that the contribution of the vortex shedding to u2 does not entirely account for the 
'overshooting' of the u2 presented in section 5.3.
5.6 - Reynolds stress transport equation balances for the symmetric wake
Turbulent kinetic energy balances
Balances of the turbulent kinetic energy equation were evaluated along the wake centreline 
and across the wake at x = 305, 340, 580 and 1000 mm. A review of the literature shows 
that only Andreopoulos (1980) has previously presented an energy balance in the 
developing symmetric wake, and at only one position. Townsend (1949) evaluated the 
balance in the far wake and Tennekes and Lumley (1972) present an approximate solution 
in this region. In order that these balances can be evaluated, measurements of the third 
order products are necessary and Fabris (1983a) also presents these in the far wake. 
Hayakawa and lida (1992) have also evaluated the production terms in the near wake but, 
since no third order moments were measured, the complete balance could not be constructed.
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As far as the author is aware no balances along the wake centreline have previously been 
constructed.
The formulation of the balance equation is presented and discussed in section 3.6. It should
be noted that the cross-stream balances for the present experiment have been evaluated
from the averages of the magnitudes of the measurements on both sides of the wake in order
to simplify the process and to reduce any inaccuracies due to any asymmetries present due to
drift problems. Consequently the cross-stream balances are presented across only one half
of the wake - the profile on the negative side being the mirror image of the one presented.
Since three traverses, with two different probes and in different orientations, were
required to evaluate the terms appearing in the balance equations the measurements were
linearly interpolated onto constant y1 values at each streamwise location used. Since each
traverse comprised measurements at over forty positions, interpolation errors were
negligible. For the balances across the wake the lateral distance, y', is normalised by a wake
thickness parameter, 6' and the individual terms have been normalised by 87Ue3. The 
balance along the wake centreline has not been normalised. 8’ is a wake thickness parameter
evaluated in the same manner as for the boundary layer thickness, 8.
Recapitulating, the balance equation for the present flow can be written as,
^ T\3u i3k 3k 3k
0 =  U  V  uv
3 t 3x 3y
3u | 3V 
3y 3x
-  I u -  v
3x pv  ^ /
+ viscous diffusion terms
3up 3vp 
3x 3y
3 (uk) _ 3 (vk) _ 
3x 3y
The turbulent kinetic energy balance along the wake centreline seems not to have been 
determined by other experimenters despite giving an interesting insight into the effects of 
the extra strain rate on the turbulence structure of the flow. The evaluation of this balance 
is less complex than for the balances normal to the streamwise direction since some terms 
in the above kinetic energy equation are zero. In particular V, 3k/3y, 3U/3y, 3V/3x and uv 
are all zero thus reducing the governing equation to,
_ ,3 k  f  2 10 = - U  |u  - v ' ----------
3x V /  3x p
3up 3vp 
3x 3y
3 (uk) 3 (vk) 
3x 3y
Some of the less obvious individual terms were evaluated as discussed below,
3k/3x - This quantity was estimated from the measured values of u2 , v 2 and w2 at the 
various streamwise locations. The u2 values were measured using the single hot wire probe 
SHW while the X-wire probe, comp. XW, was used for the v 2 and w2 measurements.
Neither v 2 nor w2 were estimated along the centreline or at x = 305 and 340 mm.
However for the balances at x = 580 and 1000 mm w2 had to be estimated since w2
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measurements were only made as far downstream as x = 400 mm for the symmetric wake. 
w 2 was estimated as being equal to 0.45 (u2 + v 2) which was based on a roughly average 
value for the relative proportions of the three stresses from the profiles at x = 340 mm in 
the symmetric wake and the far wake measurements taken in the asymmetric wake discussed 
in the next chapter. The relative proportions varied little downstream of x = 340 mm.
3k/3y - This term was evaluated by reading from a fitted curve through the evaluated 
kinetic energy profiles at the position required for the balance. At x = 580 and 1000 mm 
w2 was estimated as stated above for the 3k/3x term.
The pressure transport terms cannot be directly measured and were taken as being 
negligible. Bradshaw (1967a) states that this assumption should cause an estimate of the 
dissipation, found by measuring the other quantities in the flow, to not be seriously in error 
except near the edge of the shear layer. Further out than this the advection is supplied 
entirely by the pressure transport terms and so they should not be neglected when the 
intermittency is small. From the corresponding simulations of Gao and Voke, presented in 
Gough et al. (1996b) and discussed in chapter 7 it seems that the pressure transport does 
remain small throughout the wake.
3uk/3x - In the wake, measurements of all three quantities were available along the 
centreline and across the wake at x = 305 and 340 mm. However at x = 580 and 1000 mm 
uw2 was estimated as 0.25 (u3 + uv2 ) for the same reasons as the estimation of w 2 as 
explained above.
3vk/3y - X-wire measurements (using probe comp. XW) of u2v  and v 3 were available at 
all balance positions; however no measurements in the v'-w' plane were attempted 
throughout the course of the experiments. Consequently, in accordance with Hancock 
(1980) and others, vw 2 was estimated as,
vw 2 = 0.5 (u2v  + v 3)
A curve was then fitted through the data to allow the gradient to be evaluated at the required 
points across the shear layer.
The viscous transport terms was neglected as being close to zero. Bradshaw (1971) states 
that these terms are negligible except close to a solid surface. Clearly in the wake, without 
the proximity to the solid surface, this hypothesis should hold.
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The viscous dissipation term was estimated by difference from the relevant turbulent 
kinetic energy balance.
Centreline balance
The turbulent kinetic energy balance along the centreline is presented in figures 5.93 and 5.94. 
The production of kinetic energy along the centreline is entirely due to the normal 
production term in the governing equation owing to the usually dominant shear production 
term being equal to zero here. Since 3U/3x is positive, and very high just behind the 
trailing edge, then the production term can only exhibit a gain when v 2 is greater than u2 , 
as it has been shown to be for the present flow, in the near wake region. Hayakawa and lida, 
on the other hand, show the normal production term to be negative, owing to their u2 being 
larger than their v 2 . The differences between the trailing edge geometries might be the 
reason. Their plate was only 0.2 mm thick and showed, in their v' spectra, much less 
intense vortex shedding than for the bluffer plate used for the present experiment. 
Ramaprian, Patel and Sastry, using a plate with approximately the same thickness as for the 
present experiment, do show v 2 to be larger than u2 at their first measurement point. It is 
also possible that the large v 2 observed is, to some extent, a probe effect, with the wire 
separation being the predominant cause of any overestimation as stated by Tagawa et al. 
(1992). Hayakawa and lida do not give details of their wire separation but it is usual 
practice to have the wire separation approximately equal to the wire length which, for their 
experiment was 0.8 mm and thus larger than the 0.54 mm separation for the present 
experiment. Looking at the matched simulations of Gao and Voke, discussed in more detail in 
chapter 7, positive production on the centreline is also present. Other experiments have not 
been conducted in enough detail to allow meaningful comparisons in the very near wake.
This production term shows an increase to a peak at about x = 305 mm, coincident with the 
peak in the 3U/3x strain rate presented earlier. The maximum magnitude of the normal 
production term on the centreline is smaller than the peaks for any of the other terms in the 
balance.
The advection term initially exhibits a large loss along the wake centreline owing to the rise 
in 3k/3x caused by the overshoots in the turbulence profiles, thought to be due to vortex 
shedding, to about x = 304 mm before reducing in magnitude very rapidly as the maximum 
in k is reached at about x = 305 mm where the advection must necessarily be zero. Note that 
-V3k/3y is equal to zero along the wake centreline. Following the crossing of the axis the 
term then exhibits a gain in turbulent kinetic energy which peaks at about x = 308 mm and 
reduces, thereafter monotonically, as 3k/3x falls slowly with the development of the wake.
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The turbulent transport term, formed from the sum of -9(vk)/3y and -9(uk)/3x exhibits 
some fairly subtle behaviour along the wake centreline. The summed terms show a large 
gain just behind the trailing edge which peaks at about x = 304 mm, and is very nearly 
equal, though opposite in sign, to the maximum loss shown by the advection term - also at 
this streamwise location. Following this peak the transport reduces rapidly and changes sign 
at approximately x = 306 mm, very close to the zero crossing point for the advection term 
and consistent with the peak in k observed here, as shown in section 5.3. It can be observed 
from figure 5.94, which shows the individual components of the transport terms, that in the 
very near wake the -3(uk)/3x term is very important in determining the balance. In 
standard cross-stream balances this term is often neglected owing to its usually small size 
when compared to the lateral turbulent transport term. However in the very near wake the
- d (uk)/3x term shows a large loss, to about half that of the gain exhibited by the
- d (vk)/3y term, before crossing the axis at approximately x = 304 mm and showing a 
maximum gain at about x = 305 mm. By x = 320 mm this streamwise term has become 
negligible when compared to the cross-stream term.
From figure 5.94 it can be seen that, following the overall turbulent transport exhibiting a 
maximum loss at about x = 309 mm the magnitude reduces before again exhibiting a 
crossing of the zero transport axis at about x = 314 mm (x,+ = 470) before rising to a 
maximum and remaining positive down the rest of the wake centreline.
The dissipation term along the wake centreline was evaluated, as for all the balances, by 
difference. A relatively smooth profile for this quantity was obtained though a couple of 
spurious points just downstream of the trailing edge are apparent. These can be seen as the 
point exhibiting a gain by dissipation (clearly physically impossible) and the point on the 
zero axis which does not fit in with a curve drawn through the rest of the data points. In 
view of the difficulty in accurately determining the balances, particularly the streamwise 
gradient terms, in this very complex and diminutive region, some inaccuracies are probably 
inevitable.
In general the dissipation shows a rise in magnitude (always exhibiting a loss of energy) to 
about x = 306 mm where it peaks with a maximum value some three times the maximum 
value of the production term. Following this the dissipation drops slowly and, from x = 315 
mm, is balanced solely by the sum of the almost exactly equal advection and turbulent 
transport terms. Clearly in view of the fact that the shear production term is zero along the 
wake centreline then any model estimating the dissipation as being equal to the production 
term will be greatly in error along the centreline.
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Transverse balances
Cross-stream turbulent kinetic energy balances at x = 305, 340, 580 and 1000 mm are 
presented as figures 5.95 to 5.98. Due to the size of the X-wire probe used to evaluate the 
terms in the boundary layer balances, as presented at x = 280 and 298 mm in figures 4.85 
and 4.101, it is difficult to make firm conclusions about the differences in the balances 
constructed for the boundary layer and the symmetric wake flows. However looking at the 
balance at x = 298 mm in figure 4.101 it can be seen that a large rise in the production 
term, dominated by the shear production term -uv3U/3y is apparent. Though this shear 
production term for the boundary layer has not yet exhibited a peak by the inner limit of the 
measurements, as it must due to the no-slip condition, it is expected to peak at 
approximately y+ = 17 which is equivalent to about y/5 = 0.06 which is approximately the 
point at which the innermost measurements have been made. Consequently it may be said 
that the peak in production will not rise much beyond that at the inner-most point. The peak 
in the production term, at x = 305 mm, has risen to over two and a half times this value, 
mainly as a result of the overshoots in uv discussed in section 5.3. Inwards of this peak in 
production the term reduces down to a finite value on the centreline, where the normal 
production term is the only contributor, as shown for the balance produced along the wake 
centreline. Further out towards the free stream the peak in production falls, rapidly at 
first, then less so, in a similar manner and with similar magnitudes to the boundary layer 
values in the outer region and consistent with the growth of the inner wake.
With increasing downstream distance from the trailing edge the peak in production reduces 
in magnitude and spreads out from the wake centreline. By x = 340 mm the peak value of 
the production has reduced to only 4 % of that at x = 305 mm. By x = 580 mm this value is
1.05 % and at x = 1000 mm, 0.25 %. The normal production term on the centreline has 
become negligible by the x = 340 mm position, as also shown by the balance along the wake 
centreline. Normalising the peak in the production term using Wo3 as opposed to Ue3 
presents a different picture. The values of the maximum production at the same positions in 
the wake exhibit a decrease from Pk of 0.0694 at x = 305 mm to a value of 0.0326 at x = 
340 mm. Following this the value rises again to 0.0609 at x = 580 mm and falls slightly 
by x = 1000 mm where Pk = 0.0565. Further analysis is required before the reasons for 
this rather subtle behaviour can be presented.
The advection term, which must be equal to zero on the plate surface due to the no-slip and 
impermeability conditions, is not equal to zero along the wake centreline. At x = 305 mm 
the advection term rises to a maximum on the centreline. With increasing cross stream 
distance the term reduces before crossing the zero axis at y'/5' of 0.06 (y,+ of 20), which 
is at the same point as the maximum in the production term.
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Following this a loss by advection is shown, consistent with the mean flow 'infilling' the 
inner wake, which shows a minimum at y'/8' = 0.10 (y'+ of 33) and is nearly twice the size 
of the maximum advection occurring on the wake centreline.
The advection term then reduces in magnitude before crossing the axis once more at y'/8' = 
0.27 (y'+ of 88) and then remaining small throughout the outer region of the wake. With 
increasing downstream distance, as shown by the balances at the three other positions, the 
advection shows a minimum on the wake centreline consistent with the faster reduction of 
9k/dx at the position of maximum k.
The turbulent transport term at x = 305 mm continues to exhibit the behaviour suggested 
for that in the inner regions of the boundary layers in chapter 4 with the difference that, 
very near to the wake centreline, the transport term is clearly non-zero whereas, on the 
surface of the plate, this term must be equal to zero.
A gain by the turbulent transport is indicated on the wake centreline, at x = 305 mm. 
Following this maximum the term falls, crosses the axis at approximately y'+ of 5.5 (y'/8' 
of 0.016), before exhibiting a minimum at y'+ = 15.4 (y'/8* of 0.05) with a slightly 
higher magnitude than the maximum gain on the centreline. The contribution of the 
transport then rises to cross the axis again at y'+ = 25 (y'/8' of 0.08) before exhibiting a 
further maximum, of roughly half the magnitude of the minimum seen further in, at y'+ = 
33 (y'/8' of 0.10). The transport term then drops off with increasing lateral distance away 
from the wake centreline.
At the further downstream stations the same trends, though with much reduced magnitude 
and increased lateral distance away from the centreline, in the turbulent transport term can 
be observed though a slight minimum on the centreline, following an inner region peak, can 
be seen in the profiles at x = 340 and 580 mm. At x = 1000 mm, however, this minimum 
seems to have disappeared. It is thought that the difference between this profile and the 
others is possibly due to the estimation of the w2 and uw2 terms for this region not being as 
accurate as for the same terms at x = 580 mm. For the two balances further upstream of 
this point w2 and uw2 were measured.
As stated earlier the dissipation term was evaluated by difference. Consequently any 
inaccuracies in the evaluation of the other three terms will be accumulated in the dissipation 
term. Thus the profiles of this quantity are sometimes rather scattered. In order to 
counteract this lines have been drawn through the individual profiles corresponding to what 
the author believes to be the true profile. Obviously this procedure is open to interpretation
197
Chapter 5 - The developing symmetric turbulent wake
and the accuracy of such a process is somewhat dubious. However, in view of the lack of a 
better solution this procedure has been followed.
At x = 305 mm the peak in the dissipation term is smaller, by approximately 25 %, than 
that of the production, though obviously of opposite sign. The peaks do occur, however, at 
approximately the same distance away from the wake centreline. Inwards of the peak in 
dissipation a reduction in magnitude is indicated before a rise to a maximum dissipation rate 
(negative) on the centreline. It is difficult to say whether these maxima and minima are all 
physical owing to the difficulty in determining all the quantities that balance this term. 
Only Andreopoulos (1978) has previously produced a turbulent kinetic energy balance in 
the developing symmetric wake and this was at an equivalent position much further 
downstream than the balance at x = 305 mm where the overshoot phenomena are still an 
inherent characteristic of the flow. Consequently no comparison with other experimenters' 
work is possible for the very near wake balance.
From y'+ of 20 (y'/8' = 0.06) the dissipation rate reduces in magnitude though a slight 
'kink' in the profile occurs near 0.2 8'. The dissipation rates shown at the other x-positions 
exhibit considerable scatter though, very broadly, show the same general trends.
Andreopoulos (1978) presents one balance in his symmetric wake, at x' = 100 mm or x'+= 
7600, which is equivalent to a balance for the present experiment at x = 530 mm. So 
Andreopoulos's balance can be readily compared against the present balance at x = 580 mm. 
Few qualitative differences are apparent between the balances though quantitative 
differences are anticipated and seen owing to the large difference between the Reynolds 
numbers for the two experiments. The only major qualitative difference between the two 
balances is in the turbulent transport term. The present experimental balance shows a 
positive minimum on the centreline whereas Andreopoulos's shows the diffusion term to rise 
to a maximum. This difference is also reflected in the dissipation term, evaluated in the 
same way for both experiments. In view of the apparent maximum in this term appearing in 
the balance at x = 1000 mm then further conclusions are difficult.
Townsend (1949) produced a turbulent kinetic energy balance in the far wake of a cylinder 
which can be readily compared to the present balance constructed at x = 1000 mm and 
Fabris's (1983a) measurements of third order moments also in the far wake of a cylinder. 
Townsend shows the turbulent transport term to exhibit a loss of energy for a considerable 
part of the inner region of the wake. From the present measurements, and those of Fabris, 
the opposite trend occurs. Though errors in magnitude may have occurred in the calculation 
of the vk  term, with the inherent estimation of vw 2 for the present experiment, the 
measurements of Fabris show that the profile for vw 2 is similar to that estimated for the
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present case leading to the conclusion that Townsend's turbulent transport term may be in 
error. This is a possible result of the notoriously difficult direct measurement of the 
dissipation tensor for Townsend's wake - see Bradshaw (1967b) for further details.
Tennekes and Lumley (1972) present an analytical model for the turbulent kinetic energy 
budget in a self-preserving wake which generally agrees with the current data. However, 
some differences are apparent. For the advection term they show a maximum at the 
centreline whereas most results, including the current set, indicate a minimum in this 
region. The dissipation term is also predicted to have a minimum at this point whereas the 
opposite is true for the current data set. The other major difference is that the transport 
term shows a loss at the centreline, as for Townsend's results, whereas the current 
experiment and Fabris's data exhibits a gain in this region. Near the centreline Tennekes 
and Lumley present their data as dotted lines, for all but the production term, indicating that 
they are based on extrapolations. It is stated that if advection, which is bringing in 
turbulent energy, continues to rise as the axis is approached and if dissipation, which 
removes energy, does the same then since production falls off sharply near the centreline to 
be near to zero on the centreline then the turbulent transport must decrease near the axis. 
However, if, as for the current set of results and others, the advection does not continue to 
rise until the centreline then clearly the remaining statements about the distribution of the 
energy are likely to be in error.
It is possible that the differences in the far wake energy budgets for the different profiles 
can be explained by the differences in the wake generating bodies employed for the various 
experiments discussed above. Zhou and Antonia (1995) put the view that it is now well 
established that the idea of self-preserving state implying asymptotic independence of the 
initial conditions is not strictly valid. They present far wake measurements behind various 
wake generators which show substantial differences in the mean flow and turbulent 
quantities for the different wake producing bodies.
Reynolds shear stress balances
The balances of the Reynolds shear stress, uv, transport equation, shown and discussed in 
section 3.6, were also constructed at x = 305, 340, 580 and 1000 mm and are presented in 
figures 5.99 to 5.102. The same set of measurements was used for the construction of these 
balances as for the kinetic energy budgets presented above. Note that the educed balances are 
again presented across only the positive side of the wake. On the negative side the terms are 
equal in magnitude, due to averaging of the magnitudes of the measured quantities, but 
opposite in sign. No uv balance could be constructed along the wake centreline since all the 
terms appearing in this balance are equal to zero on the centreline. Less scatter is apparent 
in the uv balances owing to the relative simplicity of the construction of the uv budgets.
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At x = 305 mm the generation of shear stress rises rapidly from zero on the centreline with 
increasing outwards distance. Comparison of the peak with that observed in the boundary 
layer is more difficult since the -3(uv)/3x term could not be evaluated closer to the plate's 
surface than y = 0.9 mm. However, if it is assumed that the growth, nearer the wall, in the 
generation of uv is the same as that for the production of k then a peak value of generation at 
x = 298 mm would be equal to approximately 0.015. At x = 305 mm this peak value has 
risen to two and a half times this value estimated for the boundary layer. Outwards from the 
wake centreline, following the peak, the generation term decays, rapidly at first, and then 
less so in a similar manner to the production term in the kinetic energy balances.
The convection term, which also must be zero on the wake centreline, rises to show a gain 
and a maximum, inwards of the peak in the generation term, prior to reducing and crossing 
the zero axis at roughly the same point as the peak in the generation term. A minimum, of 
almost twice the magnitude of the maximum, then occurs before a gradual decay in the loss of 
uv occurs through the rest of the wake.
The turbulent transport of uv almost exactly follows the same trends as for k though the 
minimum seen very close to the wake centreline for uv has a magnitude almost three times 
that for k. On the wake centreline itself the transport is necessarily zero, by symmetry, so 
a gain of uv at the centreline, as exhibited by k, cannot be seen.
The destruction, or pressure strain re-distribution term, formed as the difference of the 
other three evaluated terms - the pressure transport being thought to be small and 
negligible throughout the wake - shows a minimum at the same lateral position as the peak 
in the generation term though, at x = 305 mm, it is only slightly over half of the magnitude 
of this peak. With increasing downstream distance the two terms move closer to parity, as 
for the dissipation and production terms in the turbulent kinetic energy balances presented 
earlier.
By x = 340 mm the peak value in the generation term has reduced to 4.0 % of that at x = 
305 mm. By x = 580 mm this value is 1.0 % and by x = 1000 mm has reduced further to 
0.29 %. Note that these ratios are almost exactly the same as those, for the same locations, 
seen in the production term of the kinetic energy balances. With downstream distance the 
position of the peak in the generation term spreads outwards consistent with the spreading of 
the wake. Following the peak, with increasing distance away from the centreline, the 
generation of uv falls away for all the streamwise positions.
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The convection term falls to zero at the centreline though, at x = 305 mm, this reduction 
appears to be very rapid close to the centreline possibly indicating measurement 
inaccuracies in this region. The trends in the convection term remain the same with 
downstream distance throughout the wake. The transport and pressure strain terms also 
exhibit no changes in trend with downstream distance though again the magnitudes reduce 
gradually and the peaks in the quantities migrate outwards.
As far as the author is aware only Andreopoulos has produced a balance of the uv transport 
equation in either the developing or far wake. Again, in view of the large difference in 
Reynolds numbers and wake generators used, quantitative comparisons with the present 
experiment are difficult to make. Andreopoulos's balance was produced at x = 100 mm and 
may be most closely compared with that at x = 580 mm for the present experiment. The 
qualitative agreement between the two balances is very good for the symmetric wake.
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Figure 5.9 - Proposed errors in uv/Ue2 using method of Tutu and Chevray
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Figure 5.11 - u2/Ue2 v y1 at x = 340 mm with variation of spanwise position
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Figure 5.12 - U/Ue v y' at x = 1000 mm with variation of spanwise position
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Figure 5.13 - u2/Ue2 v y' at x = 1000 mm with variation of spanwise position
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Figure 5.17 - maximum strain rate 3U/3y across symmetric wake with x’
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Figure 5.19 - U/Ue v y' from x = 400 mm to x = 1960 mm
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Figure 5.52 - w2/Ue2 v y' from x = 298 mm to x = 400 mm
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Figure 5.53 - w2/Ux2 v y,+ from x = 298 mm to x = 400 mm
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Figure 5.55 - uv/Ue v y' from x = 298 mm to x = 340 mm
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Figure 5.56 - uv/Ue v y' from x = 400 mm to x = 1960 mm
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Figure 5.57 - uv/U t2 v y,+ from x = 298 mm to x = 340 mm
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Figure 5.58 - u v / U t2 v  y,+ from x = 400 mm to x = 1960 mm
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Figure 5.59 - u' intensity v y1 from x = 298 mm to x = 340 mm
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Figure 5.60 - v' intensity v y' from x = 298 mm to x = 340 mm
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Figure 5.61 - w' intensity v y' from x = 298 mm to x = 400 mm
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Figure 5 .62  - u3/U e 3 v y' from x = 298 mm to x =  340 mm
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Figure 5.63 - u3/Ue3 v y' from x = 400 mm to x = 1960 mm
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Figure 5.64 - u3/Ux3 v y'+ from x = 298 mm to x = 340 mm
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Figure 5.65 - u3/Ux3 v  y,+ from x = 400 mm to x = 1960 mm
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Figure 5.66 - uv^/Ue3 v y' from x = 298 mm to x = 340 mm
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Figure 5.67 - uv2/Ue3 v y' from x = 400 mm to x = 1960 mm
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Figure 5.68 - uv^/Ux3 v y'+ from x = 298 mm to x = 340 mm
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Figure 5.69 - uv2/Ux3 v y,+ from x = 400 mm to x = 1960 mm
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Figure 5.70 - uw /Ue v y' from x = 298 mm to x = 400 mm
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Figure 5.71 - uw /Ux v y'+ from x = 298 mm to x = 400 mm
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Figure 5.73 - u2v/Ue3 v y' from x = 298 mm to x = 340 mm
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Figure 5.74 - u2v/Ue3 v y' from x = 400 mm to x = 1960 mm
243
4O A A  A \
i i i■ x = 298 mm 
□ x = 302 mm 
♦ x = 303 mm 
Ox = 304 mm 
a  x =  305 mm 
Ax = 308 mmi>
A  O
A
A
A
A
A
o  A
y •
l
•
• 
«
• •
yCf
1
\r
•
O
B
x = 3 
x = 3
X = :
15 n 
20 r 
40 n
nm
nm
nm
A  °
t> 
►
♦ o
1 A
•
c
, . 'n  $
♦
a *
o o
$
s
U
<
js
•
h
£
f
°
mxSEA a o
•
•
o
► c
c1
•
♦L ° * ° ° d• o ♦ 5
, o o
pDt I j r <
i
, S3
gO tS
t
▲
o
• ▲• ••
<>
i
>
o
►
►
i
A
A
—A
A A A
1 10  100  1000
y,+
Figure 5.75 - u2v/Ux3 v y,+ from x = 298 mm to x = 340 mm
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Figure 5.76 - u2v/Ux3 v y,+ from x = 400 mm to x = 1960 mm
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Figure 5.77 - v3/Ue3 v y' from x = 298 mm to x = 340 mm
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Figure 5.78 - v3/Ue3 v y‘ from x = 400 mm to x = 1960 mm
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Figure 5.79 - v^ /Ut3 v  y'+ from x = 298 mm to x = 340 mm
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Figure 5.80 - v3/Ut3 v y,+ from x = 400 mm to x = 1960 mm
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Figure 5.81 - u' skewness v y' from x = 298 mm to x = 340 mm
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Figure 5.82 - u' skewness v y' from x = 400 mm to x = 1960 mm
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Figure 5.83 - v' skewness v y' from x = 298 mm to x = 340 mm
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Figure 5.85 - u' spectra in the positive side of BL1 at x = 295 mm
249
1 .0 0 E -02 y = 2.97 mm
y = 2 .72 mm1.0 0 E -02
" X
y = 2 .17 mm
1.0 0 E -02
1.62 mm1 .0 0 E -02
1 .0 0 E -02
y = 1.08 nm
1 .0 0 E -02
y = 0.95 nm
1 .0 0 E -02
y = 0.82 nm
1 .0 0 E -02
y = 0.68 nm
1 .0 0 E -02  --
y = 0.42 nm
1 .00E -02
y = 0.27 nm
1 .0 0 E -02
■V , J ^ jjf
f K ,
y = 0 .13 mm
1 .00 E -0 2
y = 0 .00 mm
1 .0 0 E -03
1 .0 0 E -04
1 .0 0 E -05
1 .0 0 E -06
1 0 0 1000 10000
f (Hz)
Figure 5.86 - u1 spectra on positive side of symmetric wake at x = 305 mm
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Figure 5.87 - u’ spectra on positive side of symmetric wake at x = 310 mm
251
1 .0 0 E -02
11.64 mm
1 .0 0 E -02
1 .0 0 E -02
y =  7 .60 mm
1 .0 0 E -02
y =  2 .95 mm
1.0 0 E -02
y = 1.07 mm
1.0 0 E -02
y = 0.93 mm
1 .0 0 E -02 = 0.80mm
1.00E -02
y = 0.67 mm
1 .0 0 E -02
y = 0.53 mm
1.00E -02
y = 0.40 mm
1.0 0 E -02
y = 0 .27 mm
1.0 0 E -02
y = 0.13 mm
1 .0 0 E -02
y = 0.00 mm
1 .0 0 E -03
1 .0 0 E -04
1 .0 0 E -05
1 .00E -06
1 0 0 1000 10000
f (Hz)
Figure 5.88 - u' spectra on positive side of symmetric wake at x = 340 mm
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Figure 5.89 - calculation of vortex shedding contribution at y' = 0.00 mm
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Figure 5.90 - calculation of vortex shedding contribution at y' = 0.68 mm
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Figure 5.93 - turbulent kinetic energy balance along symmetric wake centreline
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Figure 5.95 - turbulent kinetic energy balance at x = 305 mm
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Figure 5.96 - turbulent kinetic energy balance at x = 340 mm
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Figure 5.97 - turbulent kinetic energy balance at x = 580 mm
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Figure 5.98 - turbulent kinetic energy balance at x = 1000 mm
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Figure 5.99 - Reynolds shear stress balance at x = 305 mm
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Figure 5.100 - Reynolds shear stress balance at x = 340 mm
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Figure 5.101 - Reynolds shear stress balance at x = 580 mm
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Figure 5.102 - Reynolds shear stress balance at x = 1000 mm
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Chapter 6 - The developing asymmetric turbulent wake
6.1 - Introduction to the asymmetric wake
As stated earlier, it was originally planned to study the development of at least one 
asymmetric wake downstream of the wake generator. The original aim was to study an 
asymmetric wake formed from boundary layers with a ratio of approximately 2:1, based on 
8, near the trailing edge and following that, asymmetric wakes with higher ratios.
As discussed in chapter 4 this first ratio was achieved through the use of differently sized 
and placed trips on the same flat plate wake generator as for the symmetric wake study 
presented in chapter 5. Higher ratios were unable to be studied using the same wake 
generator. For the 2:1 asymmetric wake a 1.24 mm trip was placed 150 mm downstream of 
the leading edge on the positive side of the plate (referred to as BL2 in the discussion) and a
2.05 mm trip wire was placed just 10 mm downstream of the leading edge on the negative 
side (referred to as BL3 in chapter 4). This arrangement, shown below, gave a 8 ratio of 
1.94 between the two boundary layers at x = 298 mm. The experimental arrangement for 
the study of the asymmetric wake is shown below,
Flow negative side (-ve)
leading edge^?-05 mm triP trailing edge
I 1.24 mm trip
1 l I l
| x = 1 0m m  x = 150m m
„ n x =  300  mmx =  0 mm
positive side (+ve)
Four single hot wire traverses using probe SHW were conducted in each of the boundary 
layers as well as four X-wire traverses using the probe comp. XW 2.5 - two in each of the 
u'-v1 and u'-w' orientations. Downstream of the trailing edge SHW traverses were made at 
thirteen streamwise locations extending from x = 301 to 1960 mm as well as along the 
geometric centreline of the flow. Eleven X-wire traverses, in both the u'-v' and u'-w' 
orientations, were made between x = 302 and 1960 mm in both orientations. Three 
spectral traverses, using the subminiature SHW probe, sub. SHW, were also made across 
the wake at x = 305, 310 and 340 mm in order to investigate the effects of the asymmetry 
on the vortex shedding from the trailing edge of the plate.
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Following the study of the symmetric wake it was decided, in view of the somewhat 
disappointing degree of agreement, that the direct matching of the experiment and the 
simulation for the asymmetric wake was of less interest than the production of an 
experimental wake formed from low Reynolds number turbulent boundary layers of a set 
ratio and free of residual trip effects. This asymmetric wake could later be used as a test 
case for further numerical studies. Consequently the experiment was able to follow a more 
systematic path than for the symmetric wake study where much intermediate comparison 
was required between the experiments and the simulations in order that the computations 
could be well matched to the laboratory flow.
The plan for this chapter is much the same as that for the previous one discussing the 
symmetric wake results. Little comparison can be made between the present asymmetric 
wake study and other experimental results since few flat plate asymmetric wake studies 
have previously been presented. The published studies on asymmetric wakes behind flat 
plates have utilised roughness, with its inherent complicating effects, to produce the thicker 
of the boundary layers. Other asymmetric wake studies have utilised actual aerofoil 
geometries with all of their included curvature effects.
The mean flow parameters will be presented and discussed in section 6.2. No streamlines 
could be calculated for the asymmetric wake since the position of the limiting streamline, 
where \j/ = 0, was not known. For the symmetric wake the position of this limiting 
streamline was imposed, by symmetry, on the geometric centreline. This symmetry 
condition could clearly not be applied to the asymmetric wake. It was an omission of the 
experiment that a streamline tracer was not used, for example by using the wake of a wire 
in the free stream.
Section 6.3 will present the Reynolds stress measurements and section 6.4 the third order 
moments. The fourth order moments, u4, v 4 and w 4 were also measured throughout but 
will not be presented in this thesis. In section 6.5 the spectral results will be briefly 
presented. No turbulent kinetic energy or shear stress balances were constructed for the 
asymmetric wake owing to time constraints, though it is hoped that these will be educed for 
publication at a later date.
In general, for this chapter, the results will be shown normalised on both the free stream 
velocity and also on inner layer parameters. For the inner layer normalised quantities the 
values of the friction velocities used are the 'outer layer' values calculated as for BL1 and 
discussed in section 4.4. The calculated values for the asymmetric wake producing boundary 
layers were 0.513 ms’1 at x = 298 mm for BL2 and 0.478 ms'1 for BL3 at the same
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position. For the symmetric wake producing boundary layers the outer layer Ux was equal to 
0.488 ms*1.
In order that the development of the two sides of the wake could be compared to each other, 
the integral parameters b, 0, 5* and H, were calculated from the position of minimum U, 
Umin. at the various test positions through the asymmetric wake. By fitting second order 
polynomials to the lowest five or so values of U at each measurement position then Umjn 
could be accurately evaluated. A smooth line was fitted through these positions of Umjn, and, 
with the exception of the point at x = 580 mm, where probe placement inaccuracies may 
have been present, this 'camber line' can be well described by the polynomial, 
y' = 1.35E'12 x'4 - 7.65E'9 x'3 + 1.66E-5 x'2 - 0.016 x' - 0.030
where x' is taken from the trailing edge
The camber line is shown in figure 6.1 along with its x and y-co-ordinates.
6.2 - Mean flow for the asymmetric wake
Figures 6.2 and 6.3 present the cross-stream profiles of the streamwise mean velocity U, 
normalised by Ue, versus lateral distance, throughout the asymmetric wake from x = 298 to 
1960 mm. Note that the y' used as the abscissa for these plots has its datum on the 
extrapolated geometric centreline of the plate, as for the symmetric wake.
It can be seen that the profiles look broadly similar to those presented in the previous 
chapter for the symmetric wake. The major difference that can be noted is that the 
minimum in the profiles, always at y' = 0 mm for the symmetric wake, moves away from 
the geometric centreline towards the side of the larger boundary layer (BL3), formed over 
the negative side of the plate (as defined in the schematic in the last section). As already 
mentioned this movement is well described by a fourth order polynomial and the line linking 
the points of minimum U, Umin. at the various streamwise locations is known as the camber 
line and is presented in figure 6.1. It can be seen from this figure that the initially rapid 
movement of Umjn, away from the geometric centreline, slows with distance downstream as 
one would expect.
From the U/Ue profiles it can be seen that, for BL3, at x = 298 mm the outer layer profile 
does not agree well with those downstream of the trailing edge as would be expected from the 
results of the symmetric wake. Profiles at three further upstream stations in the boundary 
layer concur with the profile at x = 298 mm and no further explanation can be offered for 
this discrepancy.
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It can also be noted that, at x = 301 and 302 mm, some apparently spurious results occur 
very close to the wake centreline. As for the symmetric wake these points are indicative of a 
small recirculation region and could also be 'flipped' as for the symmetric case to correct 
for the directional insensitivity of the hot wire probe used for all these measurements.
Further downstream in the wake the profiles begin to exhibit more symmetrical behaviour 
than for those closer to the trailing edge indicating, perhaps, that with sufficient streamwise 
distance, the wake will become symmetric prior to being eventually absorbed into the 
irrotational flow. At x = 1960 mm the wake is virtually symmetric in U, though some 
scatter associated with the measurements of such small velocity differences makes it 
difficult to state that it is absolutely so.
Figures 6.4 and 6.5 present the development of the positive side of the asymmetric wake's 
mean velocity, normalised on the 'outer layer' friction velocity as explained in section 6.1. 
Figures 6.6 and 6.7 present similar plots for the negative side of the wake, formed from the 
higher Reynolds number boundary layer BL3. It can be seen that, as expected, the profiles 
start to develop from the initial boundary layers consistent with the growth of an inner 
wake, as seen for the symmetric case.
The strain rate 9U/3x, along the camber line, and 3U/3y at the position of its maxima on both 
sides of the wake were evaluated in the same way as for the symmetric wake, and are 
presented in figures 6.8 and 6.9. Also on these plots are the relevant values calculated for 
the symmetric wake. It can be seen that the introduction of the 2:1 asymmetry alters these 
strain rates only minimally. As expected 3U/3ymax >s larger for the thinner boundary layer 
BL2, formed over the positive side of the plate, than for the thicker boundary layer BL3.
Figure 6.10 presents the values of the displacement and momentum thicknesses as well as 
the shape parameter throughout the asymmetric wake. It can be seen that the development of 
these parameters is qualitatively the same as for the symmetric wake presented earlier. 
Note again, in particular, the rise in 0 seen just following the trailing edge of the plate.
Figure 6.11 compares the development of the shape parameter, H, with streamwise distance, 
for both the symmetric and asymmetric wakes. It can be seen that little difference between 
the evaluated quantities is apparent. The individual values of H for both sides of the 
asymmetric wake are also presented on this plot. These were calculated by evaluating 6* and 
0 outwards from the camber line. It can be seen that the shape parameter, especially in the 
very near wake, is higher for the positive side of the wake, as expected from the parameters 
calculated for the upstream boundary layers. A summary table for all the integral 
parameters in the asymmetric wake is presented in appendix A7.
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Figure 6.12 shows the development of the maximum velocity deficit, Wo, necessarily on the 
camber line, for the asymmetric wake. The first point presented on the plot is greater than 
1.0 since this has been evaluated assuming the existence of a small recirculation region. 
Downstream of this point the development of Wo, on the camber line for the asymmetric 
wake, and on the wake centreline for the symmetric wake, agree almost exactly.
Figure 6.13 shows the development of the wake half width, b, for both the asymmetric and 
symmetric wakes. This was calculated, individually for both sides of the wake from the 
camber line, as also shown on this figure, and the overall value obtained by summing the 
two. It seems that the spreading of the wake is slightly more rapid for the asymmetric wake. 
When normalised on the evaluated 0 for both sides of the wake, the development of the 
individual sides concurs well within the numerical scatter.
Figure 6.14 shows the development of the velocity deficit, on the camber line, against the 
shape parameter, H, and shows the asymmetric wake to be developing towards the asymptotic 
values in the same manner as for the symmetric wake.
Only very brief comparisons with others' experimental data will be attempted in this 
chapter since, as far as the author is aware, only two other experiments, those of 
Andreopoulos (1978) and Ramaprian, Patel and Sastry (1982) have produced 
measurements in the asymmetric wakes of flat plates and these were both formed using 
roughness on one side of the plate. The different ratios of the upstream boundary layers, 
1.43 and 1.22 respectively, would add further complications, on top of the differences in 
geometry and Reynolds number, to the comparisons.
6.3 - Reynolds stresses for the asymmetric wake
Single hot wire measurements of the streamwise normal stresses, u2 , were made using the 
probe SHW, as for the symmetric wake measurements, at thirteen different locations 
downstream of the trailing edge from x = 301 to 1960 mm. X-wire measurements, in both 
the u'-v' and u'-w' orientations, were made at eleven positions downstream of the plate, 
from x = 302 to 1960 mm. These measurements were made using the comp. XW 2.5 probe 
as opposed to the comp. XW probe used for the symmetric wake measurements. Though the 
probe body geometry is identical for the two probes it was felt that the increased I/d ratio of 
the comp. XW 2.5 probe would enable more accurate measurements of the cross-stream 
turbulent quantities. This change in wire diameter was thought desirable following further 
analysis of the literature on the subject of spatial resolution effects.
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In general, as indicated by traverses performed in the symmetric wake using both probes, 
the measured values of v 2 are reduced when the I/d ratio is increased through the use of the
2.5 |im diameter wire. The magnitude of this reduction changes depending on the streamwise 
position of the measurements. It may be assumed that the values of w2 will be affected by 
the same amount though no comparison traverses in this orientation were performed. The 
measurements of the Reynolds shear stress uv, however, are little affected by the change in 
wire diameter. Figures 6.15 and 6.16 present the measurements of both uv and v 2 , using 
both probes, at x = 305 mm in the symmetric wake.
Again for the asymmetric wake turbulence measurements no corrections have been applied 
to the data presented in this thesis. Since the turbulence intensities measured for the 
asymmetric wake are similar in magnitude to those seen for the symmetric wake the results 
very near to the plate and in the centre of the wake should be treated with the same 
circumspection.
Figures 6.17 and 6.18 present the measurements of u2 , normalised by Ue2, with lateral 
distance from the geometric centreline, from x = 298 to 1960 mm. It can be seen that 
overshoots, just downstream of the trailing edge, are again apparent. Higher u2/Ue2 values 
are present in the positive side of the wake, as expected since on this side the boundary layer 
BL2 had a higher peak than that in the larger layer BL3. On both sides of the wake the 
measured u2 peaks at about x = 304 mm before dropping rapidly. At x = 304 mm the 
positive side u2 has risen by 54 % whereas on the negative side this rise is only 41 %. 
However, in view of the very strong 3u2/3x gradients in this region it is possible that the 
measurement positions missed the peak and so the extent of these overshoots may be the same 
for both sides of the wake. Both sides' profiles have reduced to the original boundary layer 
peak values by between x = 305 and 310 mm. This agrees well with the symmetric wake 
where the overshoots have reduced to the boundary layer peak values by x = 308 mm.
It can be seen that, with increasing streamwise distance, the central minimum in u2 
migrates to the larger side of the wake (formed from BL3) as for the minimum in U 
discussed in the last section. Indeed the position of 3u2/3x = 0 is almost exactly the same as 
that for 3U/3x = 0, denoted as the camber line in the previous discussion.
It is interesting to note that the asymmetry seen from x = 298 mm apparently undergoes a 
small reversal in sign at x = 460 and 580 mm. It is possible that this is due to probe 
alignment problems though this is thought to be unlikely since the lining up procedure for 
the single hot wire measurements is thought to be accurate. No further conclusions will be 
made on this slight discrepancy.
265
Chapter 6  -  The developinp asymmetric turbulent wake
Even at x = 1960 mm, where the far wake has been shown to exist for the symmetric wake, 
some asymmetry in the u2 profiles is still apparent, though, in view of the small velocity 
defects ! being measured here this slight asymmetry may be spurious. The symmetry here 
is with respect to the camber line rather than the wake centreline. However, as shown by 
Zhou and Antonia (1995) turbulence quantities in a wake are affected by the upstream 
conditions for a longer distance downstream than the mean values.
Figures 6.19 to 6.22 present the same measurements normalised by the upstream 'outer 
layer' Ux values against y'+ as defined in the last section. From all these plots it can be seen 
that the growth of the inner wake is qualitatively very similar to that exhibited by the 
symmetric wake. Note from these plots that the overshoots, when scaled on the relevant 
value of Ut2, reach almost exactly the same values.
As stated in the last section, comparison with previous experiments are difficult owing to 
the different set-ups and flow parameters used. In fact, for both the data sets of 
Andreopoulos (1978) and Ramaprian, Patel and Sastry (1982), u2 is larger in the larger 
boundary layer - the opposite of that shown for the present experiment. This is due to the 
use of a rough wall to increase the thickness of one of the layers.
Figures 6.23 and 6.24 present the measurements of v 2 normalised by Ue2 against cross­
stream distance, y'. It can be seen that large overshoots, as for the symmetric wake, are 
apparent in v 2 . Owing to the probe size and the additional care required in the use of such a 
delicate probe, the expected inner layer peaks in v 2 were not seen for both layers. 
Consequently the extent of the increase in v 2 cannot be evaluated accurately. However it 
appears that the peak value, occurring almost on the geometric centreline, at x = 305 mm, 
is over five times that seen in either of the boundary layers. The peak in the v 2 profiles 
appears to shift slightly to the positive side of the wake and this effect is probably due to the 
v 2 in the smaller, positive side boundary layer being larger than that on the negative side. 
As for the symmetric wake, the twin peaks necessarily seen in the upstream boundary layer 
profiles disappear by x = 304 mm to be replaced by the dramatic single peak near the 
centreline. As for the u2 measurements the final profile of v 2 , at x = 1960 mm, still 
exhibits some slight asymmetry about the camber line.
Figures 6.25 and 6.28 present the same measurements normalised on the outer layer Uxs 
and, again, the growth of the inner wake can be clearly seen. As for the symmetric wake the 
collapse of the v 2 profiles in the outer layer is not quite as clear as for the u2 profiles 
though is still broadly apparent.
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Figures 6.29 and 6.30 show the profiles of w2 throughout the wake. Qualitative agreement 
with the symmetric wake profiles is excellent. Following the trailing edge a single peak 
again occurs by x = 304 mm, as for the v 2 profiles, before disappearing with increasing 
downstream distance where a minimum becomes apparent, as seen in the u2 profiles. The 
appearance of this phenomenon for the asymmetric wake as well adds weight to its being a 
physical mechanism caused perhaps by the strong redistribution, by the pressure strain 
term in the governing transport equations, of vortex shedding induced v 2 into w2. Once the 
vortex shedding has ceased to be significant the profiles re-assume the twin peaks as seen in 
the u2 profiles.
These measurements are also shown, normalised on Ux2, against y,+ in figures 6.31 to 6.34 
and again show the growth of the inner wake. In figure 6.33 it can be seen that the outer 
layer values of w2/Ux2 in the boundary layer at x = 298 mm appear to be high compared to 
those measured in the wake. Oddities were also noted in the mean profile at this position, 
when measured with a single hot wire probe, though no adequate explanation for these 
discrepancies has been determined. This anomaly in the w2 profile was also noted in chapter 
4.
Figures 6.35 and 6.36 present the measurements of the Reynolds shear stress uv from x = 
302 to 1960 mm. Large overshoots of the profiles, as seen for the symmetric wake, are 
again seen following the trailing edge. These overshoots peak at x = 305 mm on the positive 
side having risen to 4.7 times the peak value at x = 298 mm. On the negative side of the 
wake the peak in uv occurs at x = 304 mm and is some 3.3 times the boundary layer peak 
value at x = 298 mm. By x = 305 mm the initially smaller value of u v /U e 2 seen in the 
positive side, thinner, boundary layer has become larger than that in the larger boundary 
layer. However, by x = 320 mm the opposite appears to be true. Further downstream in 
the wake the trend is again reversed. Care must be taken when interpreting these results 
since, as shown for the symmetric wake measurements, some asymmetries in the uv 
profiles are to be expected due to wire drift and probe orientation problems.
Clearly for an asymmetric wake the results cannot be averaged across the flow as done to 
produce the balances of the transport equations in the previous chapter. However the X- 
wire traverses were produced over a shorter time, and with less physical manoeuvring of 
the probe, than for the symmetric case, and such wire drift problems will have been 
minimised by this process. Also, it can be seen that the position of the crossing of the zero 
shear stress axis consistently, with the exception of the traverse at x = 320 mm, migrates 
towards the negative side of the wake, as for the minima in the U and u2 profiles measured
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with the more reliable single hot wire technique. In fact the 'camber line' formed from the 
points where uv is equal to zero agrees very well with that produced for the minimum in U.
Even at x = 1960 mm the uv profile, as for the rest of the turbulent quantities, is not fully 
symmetric. The same uv measurements are shown, normalised by the relevant values of 
Ux2 at x = 298 mm, in figures 6.37 to 6.40 and again agree qualitatively with the profiles 
for the symmetric wake.
6.4 - Third order moments for the asymmetric wake
Figures 6.41 to 6.50 present the measurements of the third order moments u3 , uv2 , uw2 , 
u2v and v 3 normalised by Ue3 throughout the asymmetric wake. The results will not be 
presented normalised on inner layer parameters for the purposes of brevity. As for the 
symmetric wake no measurements of the component vw 2 were made.
The profiles of u3 were measured using the single hot wire probe SHW and all the other 
moments were measured using the X-wire probe comp. XW 2.5 as detailed in appendix A5 of 
this thesis. Little analysis of these profiles will be presented here but it is hoped that 
further analysis will follow when balances of the Reynolds stress transport equations are 
produced for later publication - the gradients of the third order terms forming the 
turbulent transport term in these equations. As stated in section 6.2 no measurements of V 
were made in the asymmetric wake. However it is thought that, following the balances 
produced in chapter 5, the -V9k/3y advection term remains small compared to -U3k/3x, and 
so this oversight should not prevent accurate balances being determined.
All the measurements show good qualitative agreement with those in the symmetric wake 
though obviously exhibit some asymmetry and different magnitudes of the moments, when 
normalised on Ue3, owing to the different upstream boundary layers used. The 
measurements also show good qualitative agreement with those of Andreopoulos (1978) and 
Ramaprian, Patel and Sastry (1982) though the differences caused by their use of one rough 
wall boundary layer as discussed in the previous section are still apparent in the third order 
moment profiles.
The calculated streamwise skewness factor, Su', profiles throughout the asymmetric wake 
are presented in figures 6.51 and 6.52. The lateral skewness factor, Sv', profiles are 
presented in figures 6.53 and 6.54. Again, good qualitative agreement with the 
corresponding profiles for the symmetric wake is observed.
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6.5 - Vortex shedding in the asymmetric wake
Spectral measurements using the probe sub. SHW were made at x = 305, 310 and 340 mm 
through the asymmetric wake. No measurements were made at x = 295 mm, as were taken 
for the symmetric wake case, since they had indicated no vortex shedding at this position.
Plots of the spectra at these three positions are presented in figures 6.55 to 6.57. It can be 
seen, particularly from the spectra at x = 305 mm, that the vortex shedding, as seen for the 
symmetric wake, peaks at almost exactly the same frequency on both sides of the wake. 
Indeed this shedding frequency is identical, within the limits of determination, to that 
observed in the symmetric wake. The double peak seen on the centreline is also consistent 
with the double peak seen for the symmetric wake.
The contribution to u2 from the vortex shedding is again almost exactly the same, when 
expressed in percentage terms, for both sides of the asymmetric wake and the symmetric 
wake. The streamwise and lateral extents of the shedding are also very similar to those 
shown in chapter 5 as can be seen from the presented figures.
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Figure 6.1 - Camber line for asymmetric wake
X y ‘
(m m ) (m m )
301 -0.082
302 -0.074
304 -0.078
305 -0.141
310 -0.223
320 -0.376
340 -0.642
380 -1.008
460 -2.417
580 -2.233
1000 -5.668
1240 -6.109
1960 -6.306
Table  6.1 -  Co-ordinates for cam ber line developm ent
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Figure 6.22 - u2/Ux2 v y'+ from x = 340 to 1960 mm for negative side of asymmetric wake
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Figure 6.24 - v /Ue2 v y' from x = 340 mm to x = 1960 mm
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Figure 6.28 - v 2/ U t 2 v  y,+ from x = 340 to1960 mm for negative side of asymmetric wake
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Figure 6.34 - w2/Ux2 v y'+ from x = 340 to 1960 mm for negative side of asymmetric wake
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Figure 6.38 - u v /U t 2 v  y'+ from x = 340 to 1960 mm for positive side of asymmetric wake
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Figure 6.42 - u3/Ue3 v y' from x = 340 mm to x = 1960 mm
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Figure 6.44 - uv2/Ue3 v y' from x = 340 mm to x = 1960 mm
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293
4E-04 
3E-04 
2E-04 
1E-04
\Z
OE+OO 
-1E-04 
-2E-04 
-3E-04
-20 -15 -10 -5 0 5 10
y' (m m )
Figure 6.47 - u2v/Ue3 v y' from x = 298 mm to x = 320 mm
5E-05 -j-----------------------     ---------------    —
■  -----■  x = 340 mm
4 E -05  Dx = 380 mm____________
♦ x = 460 mm
■  O x  = 580 mm
a  x = 1000 mm
3 E ' 0 5  ♦ A x  = 1960 mm
♦
o o
2E -05---------------------------------- --------------------------------------------------------------------- O— *---------------------- —-------------------------
°o □ i
■
|  1E-05 J---------------------------------------------   A--------------------------------------
"= <> A 4 o A
A  D  »  t-
*  □  J^n a A ^  A A O  A A a  A  a  
oe+oo t------------- A— — ------- o *o *n r.n -n —  A &— ---------------- d^-c+ c ^ i - o — A— a—a--
*  A  A A  A  ^  4 l  W  A  *  ‘  I
-1E -05 -----------------------------------------------r----- - -^ -----------------------------------------------------------------------------------
•* *  i  . o .*.■
o*om* "" S
- 2 E - 0 5 ----------------------------------------------------------------------------- ^ - C q P — i  -------------------------------------------------------------------------------------------------
-3E-05 -J----------------------- :--------------    :------------- ----------------------- -----------------------
-40 -30 -20 -10 0 10 20 30
y ' (m m )
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Figure 6.55 - u‘ spectra through asymmetric wake at x = 305 mm
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Figure 6.56 - u' spectra through asymmetric wake at x = 310 mm
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Figure 6.57 - u' spectra through'asymmetric wake at x = 340 mm
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Chapter 7 - Comparisons between experiments and
s im u la t io n s
7.1 - Introduction
Computational fluid dynamics (CFD) has evolved into a valuable research tool for the study 
of turbulent flows due to its many advantages over laboratory experiments. CFD brings 
quicker and, in the long term, cheaper results than a well organised and comprehensive 
experimental program and enables quantities which cannot be measured in the laboratory to 
be evaluated. CFD is also the more versatile technique since the effects of changing flow 
geometries can quickly be determined by a modest amount of programming rather than the 
redesign and manufacture of a new model and possible alterations to the test rig itself. Flows 
in which measurements are difficult to obtain can also be studied relatively easily, e.g. in 
hostile, particle laden or very high or low temperature regimes.
However, despite these many supposed advantages, successful and accurate simulation 
results are limited by the inherent complexity of the equations of turbulent motion. In 
order to simulate a turbulent flow fully, all of the eddy scales must be resolved and, since 
there exists a wide range of scales in these flows and this increases with Reynolds number, 
vast numbers of numerical operations are required to simulate even the simplest flows. 
Owing to the constraints imposed on the number of operations that can be performed, by 
time, cost and computational speed and memory considerations, the full analysis of turbulent 
flows is currently limited to very low Reynolds numbers. It should be noted that, in order to 
validate the results from these codes, comparisons to either experimental results or 
simulations whose results have already been so validated, is required.
Over the years, since CFD's inception, many improvements in the accuracy and detail of the 
results from the numerical models have been made. Various methods for the computational 
simulation of turbulent flows exist today and the field is still expanding. As time progresses 
these methods become more and more complex and governed more by the available computer 
technology than by progress in analysis of the governing equations. Presented below is a 
brief discussion of some of the more important techniques.
Direct Numerical Simulation (DNS) does not use Reynolds averaged equations but computes 
the instantaneous Navier-Stokes equations on a mesh with nodal spacings smaller than the 
smallest turbulent length scale (Kolmogorov length scale).
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For Large Eddy Simulation (LES) the methodology is basically the same as for DNS except 
that a subgrid scale model is incorporated into the code in order to numerically estimate the 
Navier-Stokes equations for scales between the Kolmogorov length scale and the size of an 
individual mesh cell at any point. This allows the mesh spacing to be larger and so is 
computationally less expensive, allowing flows of higher Reynolds numbers to be simulated, 
though not as accurately, for the same computational resource as a lower Reynolds number 
DNS simulation.
Reynolds Stress Models (RSM) include partial differential equations for all the components 
of the Reynolds stress tensor.
Two equation models, such as the k-e model used by Patel and Sheuerer (1982) and Patel 
and Chen (1987) for the study of the symmetric wake, attempt to eliminate the need for 
specifying the turbulence length scale as a function of position throughout the flow by 
incorporating a partial differential equation relating to a turbulence length scale.
One equation models include a partial differential equation relating to a turbulence velocity 
scale. In general, they assume that the eddy viscosity, vT, is related to the turbulent kinetic 
energy, k.
Zero equation models are mostly based on the eddy-viscosity concept and assume that the 
Reynolds stresses are proportional to the mean rate of strain in the flow (Boussinesq 
(1877)). Thus they include equations based only on the mean flow field. One such model is 
the dissipation length scale model used by Bradshaw (1970) to model the symmetric near 
wake.
Many different numerical studies of the near wake have been attempted as described in 
chapter 1 though, in general, with less than satisfactory results. It was with a view to the 
improvement of these results that the present project was set up.
During the course of the current project several CFD methods were used to compare to the 
experimental results. The experiments were run concurrently with a Large Eddy 
Simulation (LES) in order to achieve closely matched results. Several other models were 
also subsequently used and these are detailed in Johnstone (1996).
Details of the LES are included in the next section and the results from this simulation will 
be compared to those from the experiment in section 7.3.
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7.2 - Large Eddy Simulation (LES) details
The large eddy simulation side of the project was performed by Gao and Voke and further 
details on the code and its operation can be found in Gao et al. (1996), included as appendix 
A2 of this thesis, and Gough et al. (1996a, b, c and d).
The simulations of the boundary layer, the symmetric wake and the asymmetric wake were 
conducted using the same code, with input parameters and subgrid scale model constants 
being altered depending on the flow to be modelled. The numerical code used for this project 
was one based on the finite volume code used by Voke and Potamitis (1994).
The asymmetric wake simulation will not be discussed here since the boundary conditions 
for the simulation were far removed from those for the experiment. The simulation of the 
boundary layer and symmetric wake was conducted in two parts. The boundary layer 
simulation, S1, was run using a Blasius profile as the inlet condition, which was then 
numerically tripped (for further details see Gough et al. (1996c)), at the same position as 
the physical trip for the symmetric wake experiment. S1 was allowed to run until a 
position well beyond the position of the trailing edge in the experiment and velocity and 
turbulence data were extracted at a position corresponding to x = 260 mm, known as the 
slicing plane. This data was then input as the inlet boundary conditions for the symmetric 
wake simulation, S2. A schematic of the simulation is shown below.
Simulation S1
Blasius  ^ "1 I Outflow
profile | |—  - j  |  ►
 i ' —
I
Data transfer 
from S1 to S2 *
Simulation S2 
I p ------------------
9.6 ms -1
I
►l
I__________
In order to provide increased resolution in the areas of the flow-field where the eddy sizes 
are smallest the mesh spacing was varied across the flow-field. In particular the mesh was 
compressed in the regions of the trip and the trailing edge of the plate.
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The boundary layer simulation used a 127 x 64 x 72 grid stretched and compressed for the 
reasons stated above. The computational box occupied 320 mm in the x-direction 
(streamwise), 64 mm in the direction normal to the plate (y) and 72 mm in the spanwise 
dimension. In the streamwise direction the mesh was compressed from 3 mm at the inlet to 
1 mm at the trip and then stretched to 2.8 mm at the first slicing plane (x = 100 mm) and 
thereafter kept constant, equal to 2.8 mm. In the y-direction, normal to the plate, the mesh 
was stretched from 0.03 mm at the wall to 2.8 mm and in the spanwise direction the mesh 
was kept at a uniform 0.556 mm. The trip was modelled as being 0.4 mm high and 1 mm 
wide. The time step, At was equal to 0.0008 ms and the total number of time steps was 40 x 
50000 giving a time for total CPU usage on the Cray YMP of 52 hours 47 mins.
The symmetric wake simulation, S2, ran from the slicing plane at x = 260 mm for a length 
of 440 mm in the x-direction, 92 mm in the y-direction and 72 mm in the spanwise (z) 
direction. The mesh size was 127 x 92 x 72 nodes. The mesh was compressed in the 
streamwise direction from 2.8 mm at the inlet to 0.1 mm at the trailing edge of the plate and 
then stretched gradually to 10.6 mm at the outlet of the computational box. In the y- 
direction the mesh was stretched from 0.1 mm at the plate to 4.0 mm at the edge of the 
computational box. The spanwise mesh used the same uniform grid as for the boundary layer 
run. For S2, the time step, At was equal to 0.0002 ms and the simulation took 119 hours 
27 mins of CPU time on the Cray YMP.
The Smagorinsky sub-grid model constant, Cs, was set at 0.1 for the boundary layer 
simulation everywhere but near the trip where it had a local maximum of 0.4. In the wake, 
in order to match the simulation more closely to the experiments, Cs was varied from 0.10 
at x = 300 mm to 0.35 at x = 316 mm. A second order interpolation was used to smooth the 
effects caused by the alteration of this constant.
7.3 - Comparisons between experiments and simulations
Figure 7.1 shows the comparison between the experiments and the simulations for U/Ue 
through one of the boundary layers used for forming the symmetric wake. The values of 6 
used for normalisation were independently calculated for the experiment and the simulations 
and are included on this figure. Note that the simulation results up to x = 260 mm are from 
the precursor boundary layer simulation (S1) and downstream of this point from the 
successor wake simulation (S2). This is the case for all the results presented in this 
chapter. It can be seen that, at the first measurement station presented, at x = 100 mm, the 
agreement between the profiles is poor. This is thought to be due to the handling of the trip 
in the simulation; the agreement improves rapidly with increasing downstream distance. At 
the slicing plane, x = 260 mm, the agreement is good, though slight differences occur in the
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outer region; the simulation shows a stronger outer layer typical of a slightly higher 
Reynolds number turbulent boundary layer. Further downstream of this position the 
agreement remains excellent right up to the trailing edge.
Figure 7.2 shows the variation of the integral parameters 6*, 0 and H in the boundary layer. 
Included on this plot are the results from both simulations S1 and S2. The simulation values 
of 6* and 0 are low compared to the experimental values whereas the predicted H is higher, 
particularly for the results of S1. Near the trailing edge, following the slicing plane, the 
wake simulation shows excellent agreement with the measured values of these quantities. 
The trailing edge effects, as discussed in section 4.4 of this thesis, are clearly evident in the 
results of S2. A continued rise in 8* and 0 and a fall in H is predicted by S1, where the 
'virtual plate1 continues up to x = 320 mm. This clearly indicates the importance of 
commencing the simulation of the wake from a position well upstream of the end of the plate 
in order that the upstream influence of the low pressure region just behind the plate can be 
appreciated.
The variation of the skin friction coefficient, Cf, with Reynolds number is shown in figure 
7.3. It can be seen that the results from S1 agree reasonably well with the various 
experimental values included on the plot but the results from S2 show an unrealistic 
distribution nearer the trailing edge. This is thought to be due to the change in the near­
wall mesh from S1 to S2. The effects of the reduced near-wall resolution for S2 are further 
discussed in Gough et al. (1996c).
Figures 7.4 to 7.6 present the distributions of u2, v 2 and w 2 through the boundary layer 
for the experiments and the simulations. It can be seen that the simulation severely 
overpredicts the values of u2 caused by the onset of turbulence near the position of the trip. 
This overprediction continues through the slicing plane and the start of S2 through to the 
trailing edge. It is thought that the overestimation of u2 near the trailing edge is not solely 
due to the trip effects but predominantly due to streamwise resolution problems - see Gough 
et al. (1996c) for details. The simulations do however show good qualitative agreement and 
the suppression of u2 owing to the favourable pressure gradient near the trailing edge is 
shown well by S2. The peak in u2 however is predicted as being further out than shown in 
the experiments. This discrepancy in the position of the maximum values of the Reynolds 
stresses can also be seen in the comparisons of v2 and w 2 presented in figures 7.5 and 7.6. 
For these stresses the simulation underpredicts the measured values markedly though the 
suppression of the turbulence by the acceleration near the trailing edge can again be 
observed in the results from S2.
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As expected from the above results the profiles of the turbulent kinetic energy, k, shown in 
figure 7.7 agree much better between the experiment and the simulation. This is a result of 
summing the overpredicted values of u2 with the underpredicted values of v 2 and w 2. The 
Reynolds shear stress uv profiles also agree well between the experiment and S2, as shown 
in figure 7.8, near the trailing edge of the plate.
Budgets of turbulent kinetic energy and shear stress uv have been derived at several 
locations in the simulated boundary layer. Figure 7.9 and 7.10 present the balances of 
kinetic energy from S1 at x = 260 mm and from S2 at x = 295 mm. These may be readily 
compared with those deduced from the experimental measurements at x = 280 and 298 mm 
and presented as figures 4.85 and 4.101 respectively and have been normalised in the same 
manner. The simulation balances are of major interest since they allow the study of the 
near-wall processes which could not be measured due to probe size, as well as allowing the 
variation of the pressure strain term to be seen. It can be seen from the simulation balances 
that this term remains small throughout the layer, as does the advection. This concurs with 
the view of Kuroda et al. (1993) for the similar case of turbulent channel flow. As expected 
from the figures already presented in this chapter the magnitudes of the terms are different 
for the experiment and the simulation with both S1 and S2 underestimating the peak values 
of all the quantities.
The production and dissipation terms are of similar magnitude though their peaks are at 
different positions. The variation of the turbulent transport across the layer for the 
simulations is not inconsistent with that observed experimentally with both methods 
showing the existence of negative peaks in the inner layer for this term. As hypothesised in 
chapter 5 the existence of these peaks implies the existence of a positive peak nearer the 
wall in order that the transport term will integrate to zero across the layer and this can be 
clearly seen in the results from the simulations.
As stated in Gough et al. (1996c) where the simulation balances are examined in further 
detail, the experimental finding of the transport peaks would probably not be taken to be 
real or significant were it not for the concurrence of the predictions.
The balances of the Reynolds shear stress uv at x = 260 and 295 mm are included as figures 
7.11 and 7.12. These are comparable to the experimental uv balances at x = 280 and 298 
mm presented as figures 4.86 and 4.102. The experimental balances show the generation of 
uv to be balanced predominantly by the destruction term (as also shown by other 
experimenters) whereas both S1 and S2 show the generation to be mostly balanced by the 
sum of the destruction and turbulent transport terms. In view of the excellent agreement in 
uv between the simulations and experiment in the boundary layer and the fact that the
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balance terms do not sum to zero, it seems as though the simulation uv balances are not 
derived correctly. In particular the mean time derivative, a measure of the statistical 
sampling error, is very large for the simulation data.
The remainder of this chapter will be devoted to the comparisons between the experimental 
and numerical results downstream of the trailing edge, i.e. from x = 300 mm.
Figure 7.13 shows the variation of the integral parameters 8*, 0 and H with increasing 
distance downstream of the plate. The values of 0 used to normalise x are those evaluated 
separately for S2 and the experiment. It can be seen that the results from S2 agree 
qualitatively with those from the experiment. The decrease in 8* and H from the trailing 
edge values is evident, as is, more interestingly, the initial rise in momentum thickness 
just downstream of the plate as noted for the present experimental data set and that of 
Hayakawa and lida (1992). Again it seems that though the actual values of the quantities 
predicted by the simulation are noticeably different from those measured, the physical 
characteristics and trends of these quantities are predicted well by the numerical study.
8* is predicted well just behind the trailing edge but then underpredicted for most of the 
computational domain. The variation of 0 from S2 agrees well with the experiment and this 
agreement improves with downstream distance. The shape parameter, H, changes from being 
overpredicted in the boundary layer and very near wake to being underpredicted downstream 
of about x = 306 mm. This implies a more rapid rate of wake development, towards the 
asymptotic state, than that observed experimentally. This more rapid development can again 
be seen from figure 7.14, which shows the variation of the wake half width, b, with distance 
downstream from the trailing edge. More rapid spreading, from about x = 325 mm, is 
shown by S2 and this continues to the downstream limit of the computational domain.
Figure 7.15 shows the development of the mean velocity profiles with streamwise distance. 
Again qualitative agreement is excellent with the simulation predicting a small recirculation 
region as shown for the experiments and discussed in chapter 5. The outer layer profiles 
again exhibit a slightly higher 'wake strength' as shown for the boundary layer results and 
these change little with downstream distance as expected since the simulation also clearly 
predicts the growth of an inner wake.
The profiles of u2 through the wake are presented in figure 7.16 and, despite the 
overprediction of this quantity as seen earlier in the boundary layer, the qualitative 
agreement between experiment and simulation is again good. The double peaks seen in the 
experimental u2 profiles are also seen for the simulation results throughout the
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computational domain. With increasing streamwise distance the agreement between the 
predicted and measured values of u2 improves considerably.
v 2 profiles are compared in figure 7.17. Immediately noticeable is the prediction, by the 
simulation, of the same single peak in the v 2 profiles as noted for the experimental results. 
This peak for S2 is seen as early as x = 302 mm whereas, for the experimental results, the 
peak appears to occur following the end of the recirculation region. In view of the difficulty 
of using hot wire anemometry in this region no further conclusions on the true behaviour 
can be made.
The increase in v 2 near the wake centreline is much larger for the experimental values than 
for the simulation, though near the centreline in the very near wake the measured values of 
v 2 must be treated with some circumspection due to the high levels of local turbulence 
intensity present in this region. The predicted values at x = 308 mm agree well with those 
measured, though this agreement deteriorates and improves again with downstream distance. 
This behaviour is puzzling; it is possibly a result of the changes in the resolution of the 
mesh occurring through the computational domain, though it should be noted that the results 
for S2 at the last station presented, x = 580 mm, have been linearly interpolated to give 
values at the same position as the experiments.
Figure 7.18 shows the w2 profiles through the wake. The prediction of the inner wake w2 
remains lower than that seen experimentally at all measurement positions. At x = 302 mm 
(and further upstream in the boundary layer) w2 is underpredicted by quite a large amount 
(approximately by a factor of 2) and it is not surprising therefore that w 2 is 
underpredicted further downstream. Perhaps the most noticeable contrast is the absence of 
any dramatic peak in the simulation at x = 304 mm - though there is an indication of a peak 
of similar width at x = 310 mm which is not unlike the measured profile at x = 304 mm.
The profiles of the turbulent kinetic energy through the wake are shown in figure 7.19. At 
the first measurement station in the wake, x = 302 mm, the agreement between the 
experiments and simulations is very good and perhaps to be expected given the similar 
agreement in k near the trailing edge presented earlier. Following this point, however, the 
simulation underpredicts the large rise in k resulting from the overshoots of the turbulent 
stresses. The simulation values of k continue to exhibit the inner layer twin peaks 
throughout the wake whereas the experimental results show these peaks to be replaced by a 
single centreline peak between x = 304 and 308 mm. The differences in these profiles are 
mainly due to the simulation underpredicting the large rise in v 2 just behind the trailing 
edge which dominates the experimental profiles of k in the near wake. The predictions at x =
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308 mm and further downstream are quantitatively in good agreement with the 
experimental results.
The experimental values of uv, presented in figure 7.20, were averaged across the wake in 
order to correct for the asymmetries associated with hot wire drift, and so the comparisons 
are presented on only the positive side of the wake. It can be seen that the inner region peaks 
in uv observed experimentally are also evident in the results from S2 though the 
simulation's overshoots are smaller prior to x = 308 mm. In the outer region the excellent 
agreement noted in the boundary layer results presented earlier remains until the last 
position, x = 580 mm, where it is possible that either the upstream influence of the end of 
the computational domain or the interpolation as explained above may affect these results. 
The relative agreement of the numerical and experimental results at the different 
streamwise locations is much the same as for the V 2 profiles.
Figure 7.21 shows the variation of the mean velocity along the wake centreline for both the 
experiment and S2. It can be seen that S2 correctly predicts the existence of a recirculation 
region though this is slightly longer than that observed experimentally. Following this 
region S2 exhibits a slightly smaller rate of growth of UC| before showing a marginally 
faster rate of growth and crossing the experimental results at about x = 335 mm. This is 
consistent with the faster spreading of the wake, as shown by the plot of the wake half width, 
b, in figure 7.14, and the more rapid development of the integral parameters for S2, as 
shown in figure 7.13.
The variation of the three normal stresses u2 , v 2 and w2 and the turbulent kinetic energy k 
along the centreline is shown in figure 7.22. It can be seen that the peaks in all three 
stresses are further downstream for S2 than for the experiments in a manner reminiscent 
of the discrepancy in the position of the peaks in the boundary layer presented earlier. 
Again, in general, u2 is overpredicted while v 2 and w2 are underpredicted leading to 
(fortuitously) good agreement in the profiles of k downstream of x = 340 mm. The v 2 
profile appears to show signs of poor statistical convergence in the very near wake; this will 
be discussed further in Gough et al. (1996d).
The balances of the turbulent kinetic energy were also produced at x = 305, 310 and 340 
mm for the wake simulation. The budgets at x = 305 and 340 mm are presented in figures 
7.23 and 7.24 and may be compared with the experimental balances produced at the same 
positions and presented in figures 5.95 and 5.96. Similar trends in all the terms can be 
seen, though the behaviour of the simulated advection term, particularly for the balance at x 
= 340 mm, seems to be rather odd and may be another indication of the simulation
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exhibiting poor statistical convergence. Simulation uv balances were also produced at these 
positions but seem to be erroneous and so are not presented here.
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8.1 - Conclusions
Results of a joint experimental and numerical investigation of low Reynolds number 
turbulent boundary layers and both symmetric and asymmetric wakes forming over and 
behind a flat plate have been presented. In particular the experimental side of the project 
has been analysed and discussed in detail. Great attention has been paid to the setting up of 
the wakes, in prescribed ratios, from low Reynolds number turbulent boundary layers free 
from residual trip effects. This was largely achieved.
Measurements of up to fourth order moments, in all three dimensions, have been made in the 
three flows using a variety of hot wire probes.
The size of the flows studied were constrained by the computational cost of the concurrent 
LES studies and this placed many restrictions on the experimental side of the project. The 
wake was generated using a flat plate of only 1 mm thickness which was thought to present 
the optimum solution to gain good agreement with the computational mesh and integral 
parameters for the boundary layer simulation at the trailing edge.
Low Reynolds number turbulent boundary layers
In order to produce turbulent boundary layers of very low Reynolds numbers the initially 
laminar boundary layer was tripped using wires placed across the plate. The effects of the 
trips on the developing layer can be very large and so great care was taken to minimise the 
residual trip effects on the layers by the end of the plate.
A study of the effects of the tripping devices on the downstream development of the boundary 
layers was performed which indicated the dependence on the non-dimensional parameters
(2C"™ X ) U0 ^ — ,  and Xd/d. The dependence on the third parameter has not previously been
d  v
shown in other experimental studies. Following these studies two of the three boundary 
layers used for the generation of the wakes were shown to be free of residual trip effects 
near the end of the plate whereas the third was shown to be suffering from a degree of under 
stimulation though there was still good agreement in its expected behaviour in terms of some 
integral parameters. It was thought that the residual effects of this under stimulation would 
have no more than a small effect on the asymmetric wake. From the variation of the wake 
strength, AU/Ut, it was shown that the lower Reynolds number limit of fully developed 
turbulent boundary layers could be extended without the 'turn-around' in the profiles 
observed by Erm and Joubert and Purtell et al. These are thought, by the author, to be
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indicative of non-negligible tripping effects in these layers since residual trip effects 
generally persist for longer in the outer layer.
The boundary layer studies add to the limited low Reynolds number turbulent boundary layer 
data sets presented by other authors and fully developed layers with Ree as low as 405 were 
shown to exist. Layers suffering from residual trip effects with Ree as low as 250, where a 
logarithmic region was still apparent, were also shown to develop into fully developed 
turbulent boundary layers.
Towards the end of the plate the boundary layers were affected by the low pressure region 
immediately downstream of the trailing edge. The effects in this region were analogous to the 
application of a favourable pressure gradient to the inner layer of the developing turbulent 
boundary layer. This led to a suppression of the turbulence and a reduction in the 
thicknesses 8, 8* and 0. These effects are particularly important for the accurate 
normalisation of the wake co-ordinates further downstream and have not been noted in other 
wake studies.
Balances of the turbulent kinetic energy and Reynolds shear stress, uv, transport equations 
have been constructed at two positions in the boundary layers, one of which exhibited 
trailing edge effects, and indicate some trends not apparent in previously presented 
experimental balances. In particular the turbulent transport term exhibits subtleties in 
the near-wall region not previously noted. By comparing with other experimenters' 
measurements of the third order moments in low Reynolds number turbulent boundary 
layers it has been shown that these trends appear to be genuine. Balances produced from the 
corresponding LES and other simulation data provide further evidence of the existence of 
these nuances. This concurrence is an example of the benefit of the dual study since the 
measurements may well have been otherwise discarded as being erroneous.
Symmetric wake
Extensive measurements in the symmetric wake give a clear picture of the physical 
processes occurring during its development from the upstream boundary layers through to 
the far wake which may be adequately described by Townsend's self-preserving analysis.
Following the trailing edge a recirculation zone, thought to scale on the Reynolds number, 
is apparent following which an inner wake grows and spreads outwards from the
v
centreline. As this inner wake spreads through the remnants of the upstream boundary 
layers different growth regimes of the wake centreline velocity occur. After the 
recirculation zone a region of linear variation of UC|/Ux with x'+ is apparent followed by a
328
Chapter 8 - Conclusions and further work
'buffer' layer reminiscent of that in a turbulent boundary layer, followed in turn by a 
region of logarithmic growth. The latter is strongly Reynolds number dependent concurring 
with the conclusions of Nakayama and Liu though different trends with Ree for the spreading
of the inner wake were noted. The study was at a lower Reynolds number than previous
experiments and so is a useful addition to these earlier studies.
All the turbulent quantities measured exhibit 'overshoots' - as seen by other authors - just 
behind the trailing edge. It has been shown that some, though not all, of the energy associated 
with these overshoots is due to vortex shedding. The magnitude and downstream persistence 
of these overshoots in the turbulent stresses is largest for v 2 and uv. Overshoots are also 
apparent in the profiles of the third order moments.
Vortex shedding from the trailing edge, hypothesised by other authors and shown by
Hayakawa and lida following the start of the present project, has been shown to exist and to 
play a major part in the near wake turbulent statistics. The shedding, studied through u' 
spectral measurements, has been shown to be alternate and of constant frequency with 
downstream distance in contrast to the conclusions of Hayakawa and lida. By supposing the 
outer layer flow to act as a free stream the Strouhal number for the shedding can be shown to 
be remarkably similar to that exhibited by bluff bodies.
Balances of the turbulent kinetic energy and Reynolds shear stress, uv, transport equations 
have been constructed at four positions through the wake from just 5 mm downstream of the 
trailing edge to a position in the far wake. Only Andreopoulos has previously provided 
balances in the developing wake, and then at only one position. Good qualitative agreement 
with his work is found.
Asymmetric wake
One asymmetric wake, with upstream boundary layer ratio 2:1 has been extensively studied. 
As far as the author is aware, this represents the first study of an asymmetric wake behind a 
flat plate where both upstream boundary layers have been generated over smooth surfaces. 
The 2:1 ratio is also the highest studied for asymmetric wakes behind flat plates and the 
Reynolds number the lowest. It has been shown that the asymmetry has little effect on the 
development of the wake though the position of the minimum in the U profile migrates 
towards the side of the larger boundary layer as the downstream distance is increased. The 
'camber line' showing the position of Umjn also appears to adequately represent the near 
centreline minima in the values of u2 and w 2 as well as the position of the zero value of uv.
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Spectral measurements in the near asymmetric wake were also made and show the Strouhal 
number of the vortex shedding to remain the same, within the limits of determination, to 
that shown for the symmetric wake.
Due to time constraints, kinetic energy and uv balances and analysis of some other 
measurements have not yet been attempted.
Simulation
The matched simulation, while giving somewhat limited agreement with the corresponding 
experimental results, has been shown to predict the existence of the majority of the physical 
phenomena seen in the experimental study. These include the trailing edge effects, the near 
wake overshoots, the single centreline peak in the profiles of v 2 in the near wake and the 
existence of a recirculation zone. Qualitative agreement with the experiments is excellent 
throughout though, due to inadequate streamwise resolution, the poor agreement present in 
the Reynolds stress profiles in the boundary layer is convected downstream into the wake. 
The balances produced from the simulation data show the pressure and viscous transport 
terms to remain small throughout the boundary layers and the developing wake.
8.2 - Further work
The preliminary work conducted on the effects of the placement and size of tripping devices 
could be extended in order to improve the understanding of the relaxation of turbulent 
boundary layers following perturbations. Controversy remains regarding the distance 
downstream required for the residual trip effects to become negligible.
From analysis and comparison with the literature it appears that, at least in the near wake, 
the mean and turbulence profiles appear to be considerably influenced by the upstream 
geometry as well as the Reynolds number. A systematic study of the effects of changing the 
trailing edge thickness and angle would be of much use in resolving the differences between 
the previously published data sets, including the present case.
A study of the influence of the boundary layer thickness, in relation to the plate thickness, 
on the vortex shedding from flat plates would also be of much interest.
In view of the excellent qualitative agreement further simulation for the symmetric and 
asymmetric cases should be conducted. Any further work on the effects of alteration of the 
trailing edge geometries would also make an interesting study of the capabilities of an LES 
code.
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Appendix A5  -  Hot wire probes
Appendix A5 - Hot wire probes
The various hot wire probes used during the course of the experiments are described below. 
The abbreviations in brackets are those used in the thesis. See the DANTEC probe catalogue 
for further details.
Single hot wire (SHW) - DANTEC 55P11 probe.
Subminiature single hot wire (sub. SHW) - DANTEC 55A52 probe mounted on stem of 
DANTEC 55P11 probe.
Slant wire (slant) - DANTEC 55P12 probe.
Standard cross wire (XW) - DANTEC 55P61 probe.
Compressed XW (comp. XW) - DANTEC 55P61 probe compressed until probe supports were 
nominally 0.45 mm apart before rewiring. Probe supports filed down in order to reduce 
conduction to supports and interference with flow.
Compressed XW 2.5 (comp. XW 2.5) - As above but wired with 2.5 pm diameter wire 
rather than 5 pm to increase I/d ratio.
Bent compressed XW 2.5 (bent comp. XW 2.5) - Right angled DANTEC 55P63 probe 
compressed until probe supports were nominally 0.45 mm apart before rewiring. Probe 
supports filed down in order to reduce conduction to supports and interference with flow. 
Wired with 2.5 pm diameter wire to increase I/d ratio.
The table below gives the probe resolution of each wire in terms of the length, the separation 
of the wires for the X-wire probes, the I/d ratios and the length and separation in terms of 
viscous units. The values of l+ and s+ are clearly dependent on the local value of the friction 
velocity and the one used for the approximate calculation for this table is the outer layer Ut 
for the symmetric wake generating boundary layers, 0.488 ms'1.
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probe I d s I/d l+ s+
(mm) (lim ) (mm) (approx.) (approx.)
SHW 1.16 5 . 232 38 .
sub. SHW 0.42 5 84 1 4 .
slant 1.15 5 - 230 37 .
XW wire 1 1.10 5 1.04 220 36 34
wire 2 1.16 5 232 38
comp. XW wire 1 0.63 5 0.54 126 20 1 8
wire 2 0.65 5 130 21
comp. XW 2.5 wire 1 0.63 2.5 0.54 252 20 1 8
wire 2 0.65 2.5 260 21
bent comp. XW 2.5 wire 1 0.62 2.5 0.43 248 20 1 4
wire 2 0.56 2.5 224 1 8
Table A5-1 - Summary of probes' resolution
Using the peak values of the dissipation rate, e, the Kolmogorov length, velocity, time and 
frequency scales for the different positions in the flow were calculated using the formulae,
_
(  3 > 
V 4 m
i
v = (v eV ms'1 X =
(  \  
V 2 s f =
, e , v /
and are presented in the table below at the positions where the turbulent kinetic energy 
balances were evaluated.
X max. e n V X f
(mm) (m 2s -3) (mm) ( m s - 1 ) (ms) (kHz)
305 1219 0.041 0.368 0.11 9.09
340 100 0.076 0.197 0.39 2.56
580 7.4 0.146 0.103 1.42 0.70
1000 2.0 0.203 0.074 2.74 0.36
Table A5-2 - Kolmogorov scales for symmetric wake
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Using these values of r| the length and separation of the wires was calculated for the different 
regions in the flow. These results are shown in the table below.
x (mm)
probe 305 3^to 580 1000
l/n s/ri I/ti s/ti l/n s/n l/n s/n
SHW 28 - 1 5 . 8 . 6 .
sub. SHW 1 0 . 6 3 . 2 .
XW 28 25 1 5 1 4 8 7 6 5
comp. XW 1 6 1 3 8 7 4 4 3 3
Table A5-3 - Probe resolution scaled on Kolmogorov length scale
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Appendix A6 - Application of corrections for signal 
r e c t i f i c a t i o n
Corrections for rectification and additional cooling were applied to the data according to the 
method of Tutu and Chevray (1975) with modifications by Heist (1995) to take into 
account the use of the 'effective angle' approach to calibration used for the present 
experiment. The values of these corrections in the boundary layers and wakes are discussed 
in the relevant chapters.
As discussed in section 3.4, Tutu and Chevray proposed corrections for rectification, the 
variation of the axial sensitivity coefficient, k, with I/d and the effect of the additional 
cooling due to the tangential component of the instantaneous velocity vector. The method of 
application of these corrections has been modified by Heist (1995) such that the initial 
formulation of the corrections has been altered to take into account the use of the 'effective 
angle' method of X-wire calibration, as used for the current experiments. This method 
compensates for the effect of the k coefficient and so no corrections for this need to be 
applied. The situation is perhaps different for single hot wires where the effective angle is 
not calculated. Since the effective angle of a single hot wire should be 0° then no corrections 
for k should be required. However it is known that k varies with I/d ratio, up to I/d = 600, 
(Champagne, Sleicher and Wehrmann (1967)) and so care must be taken to choose a 
suitable value of I/d for the probe. However the errors to single hot wire results are small 
when compared to the X-wire errors. By using the LABVIEW 3.1.1 programs 'create xw 
lookup table' and 'create shw lookup table' lookup tables can be generated utilising a range of
typical values of u'/U, v'/U, w'/U and p, where p is the correlation coefficient ,_^ v_ , for
Vu2 .V 2
either X-wires. Of course, v'/U and p are no longer used in the calculations for the single 
wire. This process is computationally expensive and, for an accurate calculation for a wake 
flow, the program took 26 hours to conclude on a Power Macintosh 7100 with in built 
caching. It should be noted, however, that the calculation of a lookup table is only necessary 
when a new angle calibration is performed, since the evaluation of the p.d.f.s is dependent on 
the effective angles of the wires.
Once this table had been produced for each angle calibration an interpolation program was 
run in order to linearly interpolate between the relevant points in the lookup table to give a 
correction factor, for each point measurement, for the quantities being determined by the 
particular traverse. It should be noted that, in general, the mean streamwise velocity, U, 
and Reynolds stress u2, were determined using a single wire (probe SHW), the Reynolds 
normal stress v2 and Reynolds shear stress, -uv, were determined from a modified X-wire
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traverse (using probes comp. XW or comp. XW 2.5) and the w2 component of the Reynolds 
stress tensor was determined using the same probe but at an angle of 90° to that used for the 
-uv determination.
The use of Tutu and Chevray's correction method relies on the prescribing of a 'correct' 
probability density function for the flow under question, in their paper it was assumed that 
the turbulent quantities were distributed in a Gaussian or normal way. While this is clearly 
not the case for most turbulent flows it was thought that the results from using such a 
simplifying assumption would be adequate to predict the magnitude of the errors in the 
measured values. Indicators as to how close any turbulence is to a normal distribution 
include the skewness and kurtosis factors, as defined in the nomenclature. For a Gaussian 
distribution these should be equal to 0 and 3 respectively throughout the flow. From looking 
at the higher order statistics for the measured flows it can be seen that the coefficients of 
skewness and kurtosis vary somewhat from a normal distribution. This is particularly the 
case towards the edge of the boundary layers or the wakes where intermittency plays an 
important part in the turbulence statistics. In Tutu and Chevray's paper it is suggested that 
the turbulence statistics in these regions should be weighted with the intermittency factor, 
y, in order that the approximate errors can be determined. However, in these regions, for 
the flows under consideration, the turbulent intensities were very low and below the 5 % 
minimum considered in the lookup table generating program, for the three normal local 
turbulent intensities. Thus, no corrections were applied in these regions.
In the 1975 paper the values of v2 and w 2 were assumed to vary as a constant fraction of 
u2. This is a reasonable assumption, if applied in the proper way, for the distribution of 
turbulence within an equilibrium boundary layer. However, in a flow where the relative 
distribution of the three turbulent components is either unknown or cannot be described by 
a simple relationship then the actual measured values for the third component of velocity 
should be utilised. For the present set of measurements this required the interpolation 
and/or extrapolation of the values of w 2 onto the points where the measurements of u2 or v2 
were made. This process worked satisfactorily across the wake but in the boundary layer, 
owing to the size of the comp. XW probe relative to the SHW probe, values of w2 could not be 
applied in the near-wall region and thus the values of U and u2 in this region remained 
uncorrected for rectification even though, in view of the high turbulent intensities near the 
plate, this is the region requiring the largest corrections to be applied.
It was decided, in order that the errors in the near-wall measurements could be estimated, 
that the approximation, w 2 =2/3  u2, should be used to enable further corrections nearer to 
the wall. This seemed satisfactory when compared to the actual data in the outer region of 
the boundary layer.
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It was noted, in some positions and notably near the recirculation region in the wake, that 
the program would only iterate six times and so made no allowances for slowly converging 
solutions to the interpolation. This limit was increased to 100 iterations and better results 
were gained at most of the points. Another problem, for the single hot wire corrections was 
that the p.d.f.s produced by the LABVIEW program could not cope with two of the 
combinations of turbulent intensities. While the exact cause of this problem is unknown it 
was decided to interpolate through the rest of the values produced in the SHW lookup table, 
in order to provide a reasonable solution for these points. This was necessary since the 
interpolation program was giving unrealistic errors due to either defaulting one line to 
zeros or reading erroneous errors from the table. Once this process had been completed the 
results, again, were improved and more points were able to be corrected. For the SHW 
corrections the actual method of converging the solutions was also changed in order that a 
satisfactory solution would be achieved more quickly. This, with the other changes 
mentioned above, had the effect of giving corrections for every point within the limits of the 
lookup table. When out of range at the high end of the turbulent limits the program still 
managed to extrapolate to visually reasonable values for the corrections; however, below the 
low limiting values for the turbulent intensities the suggested corrections were 
unreasonable due to interpolation difficulties and so, for u', v', w1 < 5 %, these corrections 
were ignored.
The magnitudes of the errors so produced are presented and discussed in the relevant 
chapters of this thesis.
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A7 - Integral parameters for boundary layers and wakes
In this appendix the integral parameters for all the boundary layers and both the symmetric 
and asymmetric wakes will be presented. The calculation of most of these parameters is 
discussed in section 3.6. The values of the Ux shown for the boundary layers are those 
evaluated from Clauser chart fits and not the 'outer layer' values used for the normalisation 
of the trailing edge boundary layers and through the wakes. Consequently the values of Ux 
further downstream than x = 290 mm are likely to be affected by the pressure gradient that 
exists in this region.
The integral parameters for the boundary layers are presented as individual sets of 
measurements corresponding to the different trip settings used during the course of the 
experiment. The first three tables below describe the boundary layers, BL1, BL2 and BL3 
used for the generation of the wakes. With the exception of one set of traverses, Ue was held 
at a nominally constant value of 9.6 ms-1.
The integral parameters for the asymmetric wake are presented as both 'total' values, e.g. 
the wake half width across the whole wake, and also as values evaluated from the camber line 
out into the two sides of the wake.
X d Xd side of 6 0 8* Re0 H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (m s-1)
100 1.24 50 +ve 7.09 0.55 0.85 340 1.54 0.528
150 1.24 50 +ve 7.00 0.60 0.91 375 1.50 0.524
200 1.24 50 +ve 8.37 0.77 1.16 485 1.51 0.500
260 1.24 50 +ve 8.78 0.87 1.31 532 1.50 0.484
260 1.24 50 -ve 8.59 0.87 1.31 544 1.52 0.484
260 1.24 50 +ve 9.04 0.87 1.30 552 1.49 0.492
280 1.24 50 +ve 9.08 0.89 1.33 537 1.50 0.480
290 1.24 50 +ve 8.97 0.90 1.35 539 1.50 0.479
295 1.24 50 +ve 8.69 0.86 1.29 528 1.49 0.487
295 1.24 50 +ve 8.79 0.86 1.28 541 1.49 0.498
298 1.24 50 +ve 9.27 0.85 1.25 516 1.47 0.494
298 1.24 50 -ve 8.79 0.85 1.26 520 1.48 0.500
300 1.24 50 +ve 8.89 0.84 1.22 522 1.45 0.512
Table A7-1 - 1.24 mm trip at x = 50 mm (BL1)
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (m s '1)
260 1.24 150 +ve 6.45 0.63 0.98 406 1.55 0.517
280 1.24 150 +ve 7.29 0.68 1.03 433 1.52 0.512
290 1.24 150 +ve 7.32 0.69 1.05 440 1.52 0.514
298 1.24 150 +ve 7.44 0.66 0.99 423 1.50 0.535
Table A7-2 - 1.24 mm trip at x = 150 mm (BL2)
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X d Xd side of 5 0 5* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 2.05 1 0 -ve 15.00 1.30 1.84 801 1.42 0.477
280 2.05 1 0 -ve 13.55 1.30 1.85 799 1.42 0.477
290 2.05 1 0 -ve 13.52 1.27 1.80 780 1.42 0.479
298 2.05 1 0 -ve 14.44 1.22 1.60 760 1.31 0.494
Table A7-3 - 2.05 mm trip at x = 10 mm (BL3)
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 1.24 1 90 +ve 4.71 0.54 0.94 338 1.75 0.473
280 1.24 1 90 +ve 5.31 0.57 0.92 352 1.62 0.505
290 1.24 1 90 +ve 5.71 0.60 0.96 372 1.60 0.512
298 1.24 1 90 +ve 5.80 0.56 0.88 349 1.57 0.529
Table A7-4 - 1.24 mm trip at x = 190 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 1.24 210 +ve - - - - - -
280 1.24 210 +ve 4.93 0.56 1.07 346 1.90 0.417
290 1.24 210 +ve 4.73 0.55 0.99 337 1.82 0.449
298 1.24 210 +ve 4.76 0.52 0.90 323 1.72 0.484
Table A7-5 - 1.24 mm trip at x = 210 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
290 1.47 1 0 +ve 11.45 1.17 1.71 738 1.46 0.470
Table A7-6 - 1.47 mm trip at x = 10 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
290 1.47 180 +ve 7.20 0.67 1.03 426 1.52 0.512
Table A7-7 - 1.47 mm trip at x = 180 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 1.47 210 +ve 7.44 0.64 1.10 394 1.72 0.463
280 1.47 210 +ve 5.76 0.59 0.95 366 1.60 0.509
290 1.47 210 +ve 6.07 0.60 0.95 373 1.58 0.514
298 1.47 210 +ve 6.03 0.56 0.87 352 1.55 0.531
Table A7-8 - 1.47 mm trip at x = 210 mm
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Appendix A7  -  Integral parameter tables
X d Xd side of 8 e 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
290 1.58 1 0 +ve 12.80 1.21 1.75 762 1.45 0.472
Table A7-9 - 1.58 mm trip at x = 10 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 1.58 230 +ve - - - - - -
280 1.58 230 +ve 5.26 0.64 1.08 394 1.69 0.470
290 1.58 230 +ve 5.81 0.64 1.02 396 1.60 0.500
298 1.58 230 +ve 5.89 0.59 0.91 368 1.54 0.528
Table A7-10 - 1.58 mm trip at x = 230 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 2.65 1 0 +ve 17.34 1.56 2.16 973 1.39 0.469
280 2.65 1 0 +ve 17.60 1.58 2.18 991 1.38 0.470
290 2.65 1 0 +ve 17.45 1.59 2.18 991 1.38 0.468
298 2.65 1 0 +ve 17.40 1.53 2.07 959 1.35 0.491
Table A7-11 - 2.65 mm trip at x = 10 mm
X d Xd side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
260 2.65 210 +ve 10.68 1.00 1.64 610 1.64 0.438
280 2.65 210 +ve 8.57 0.91 1.37 560 1.50 0.502
290 2.65 210 +ve 8.99 0.88 1.29 542 1.46 0.506
298 2.65 210 +ve 9.07 0.84 1.20 512 1.43 0.522
Table A7-12 - 2.65 mm trip at x = 210 mm
X d X d side of 8 0 8* Ree H Ux
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
51.1 1.00 50 +ve - - - - - -
55 1.00 50 +ve - - - - - -
60 1.00 50 +ve - - - - - -
70 1.00 50 +ve - - - - - -
80 1.00 50 +ve 5.69 0.44 0.77 274 1.73 0.488
100 1.00 50 +ve 4.82 0.40 0.65 249 1.62 0.553
200 1.00 50 +ve 6.84 0.67 1.03 432 1.55 0.493
260 1.00 50 +ve 7.43 0.79 1.22 517 1.54 0.486
300 1.00 50 +ve 7.94 0.79 1.18 520 1.49 0.492
Table A7-13 - 1 mm square trip at x = 50 mm
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Appendix A7  -  Integral parameter tables
X d Xd side of 8 0 8* Ree H Ut
(mm) (mm) (mm) plate (mm) (mm) (mm) (ms*1)
100 1.24 50 +ve 5.80 0.51 0.76 470 1.49 0.784
200 1.24 50 +ve 8.69 0.78 1.14 719 1.46 0.729
260 1.24 50 +ve 9.15 0.87 1.26 820 1.44 0.698
295 1.24 50 +ve 8.95 0.87 1.26 819 1.45 0.714
Table A7-14 - 1.24 mm trip at x = 50 mm - Ue = 14.4 ms*1
X b 0 8* H Wo
(mm) (mm) (mm) (mm)
302 1.58 1.98 3.13 1.58 0.8485
303 2.02 2.14 3.32 1.55 0.7934
304 2.20 2.14 3.29 1.54 0.7502
305 2.60 2.20 3.23 1.47 0.6641
306 3.56 2.27 3.18 1.40 0.5543
308 4.73 2.25 3.04 1.35 0.4671
310 5.08 2.11 2.81 1.33 0.4284
315 5.55 2.17 2.86 1.32 0.4054
320 6.21 2.17 2.84 1.31 0.3838
330 7.21 2.10 2.68 1.28 0.3300
340 7.78 2.06 2.59 1.25 0.3016
380 9.72 2.09 2.54 1.22 0.2523
400 10.04 2.03 2.43 1.20 0.2315
460 11.54 1.98 2.31 1.16 0.1962
520 12.96 2.02 2.31 1.14 0.1748
580 14.67 2.02 2.27 1.12 0.1511
640 15.61 2.03 2.27 1.11 0.1411
680 16.67 2.07 2.29 1.11 0.1331
760 17.58 2.01 2.21 1.10 0.1215
880 19.51 1.94 2.10 1.08 0.1032
1000 21.30 1.98 2.13 1.07 0.0947
1240 24.97 1.92 2.04 1.06 0.0792
1480 28.24 1.85 1.94 1.05 0.0659
1960 33.40 1.97 2.06 1.04 0.0604
Table A7-15 - Integral parameters for symmetric wake
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Appendix A7  -  Integral parameter tables
X b 0 6* H o o
(mm) (mm) (mm) (mm)
301 1.44 2.21 3.86 1.75 1.0762
302 1.61 2.31 3.83 1.66 0.9349
304 2.12 2.45 3.70 1.51 0.7502
305 2.89 2.54 3.71 1.46 0.6440
310 5.14 2.59 3.51 1.36 0.4673
320 6.91 2.51 3.26 1.30 0.3703
340 8.40 2.37 2.96 1.25 0.3079
380 10.39 2.55 3.09 1.22 0.2672
460 13.11 2.62 3.03 2.83 0.1902
580 15.92 2.24 2.52 1.13 0.1534
1000 23.61 2.21 2.39 1.08 0.0975
1240 25.50 2.09 2.23 1.06 0.0838
1960 34.83 2.21 2.31 1.05 0.0613
Table A7-16 - 'Total' integral parameters for asymmetric wake
X be 0c 5*c H
(mm) (mm) (mm) (mm)
301 0.75 0.75 1.55 2.07
302 0.82 0.80 1.51 1.89
304 0.95 0.88 1.43 1.63
305 1.27 0.96 1.49 1.56
310 1.98 0.98 1.37 1.41
320 2.79 0.97 1.30 1.34
340 3.62 0.94 1.20 1.27
380 4.41 1.07 1.31 1.23
460 6.06 1.22 1.41 1.16
580 7.67 1.09 1.23 1.13
1000 11.41 1.08 1.17 1.08
1240 12.27 0.98 1.04 1.06
1960 16.81 1.11 1.16 1.04
Table A7-17 - Parameters for positive side of asymmetric wake
X be ec 5*c H
(mm) (mm) (mm) (mm)
301 0.69 1.46 2.31 1.58
302 0.79 1.51 2.32 1.53
304 1.17 1.57 2.27 1.44
305 1.62 1.59 2.22 1.40
310 3.16 1.62 2.14 1.33
320 4.12 1.54 1.96 1.27
340 4.78 1.43 1.76 1.24
380 5.98 1.48 1.78 1.21
460 7.05 1.41 1.63 1.15
580 8.25 1.15 1.29 1.12
1000 12.21 1.13 1.22 1.08
1240 13.23 1.11 1.18 1.06
1960 18.01 1.10 1.15 1.05
Table A7-18 - Parameters for negative side of asymmetric wake
UNIVERSITY OF SURREY LIBRARY
374
